DOT/FAA/AR-98/72 Evaluation of T echnologies forth e
Offce of Avaton Resear Design o f a Proto type In-Fligh t
| Remote A ircraft Icing Potential
Detection System

December 1998
Final Report
This document is available to the U.S. public

through the National Technical Information
Service (NTIS), Springfield, Virginia 22161.

)

U.S. Department of Transportation
Federal Aviation Adminis tration



NOTICE

This document is disseminated under the sponsorship of the U.S.
Department of Transportation in the interest of information exchange.
The United States Government assumes no liability for the contents or
use thereof. The United States Government does not endorse
products or manufacturers. Trade or manufacturer's names appear

herein solely because they are considered essential to the objective of
this report.

This report is available at the Federal Aviation Administration William J.
Hughes Technical Center's Full-Text Technical Reports page:
www.tc.faa.gov/its/actl41/reportpage.html in Adobe Acrobat portable
document format (PDF).



Technical Report Document ation Page
1. Report No. 2. Government Accession No. 3. Recipient's Catalog No.

DOT/FAA/AR-98/72
4. Title and Subtitle 5. Report Date
EVALUATION OF TECHNOLOGIES FAR THE DESIGN OFA PROTOTYPE Decenber 1998
IN-FLIGHT REMOTE AIRCRAFT ICING POTENTIAL DETECTION SYSTEM 6. Performing Organization Code

7. Author(s) 8. Performing Organization Report No.

Janes B. Mead, Adrew Paznany, ard Mark Goodberét

9. Performing Organization Name and Address 10. Work Unit No. (TRAIS)

Quadrant Engineering Inc.
107 Sunderland Road

Amherg, MA 01002 11. Contract or Grant No.
DACA3997-M-1476

12. Sponsoring Agency Name and Address 13. Type of Report and Period Covered

U.S. Department of Trarsportation Fina Report

Federal Aviation Administration

Officeof Aviation Researdh 14. Sponsoring Agency Code

Wadhington, DC 20591 AIR-100

15. Supplementary Notes

Administeredby US Army Cold Regions Researd ard Engneering Laborabry, Srow and Ice Dvision, Hanover, NH 037551290
The Federal Aviation Administration William J. Hughes Techical Certer COTR was Edvard Pujacz.

16. Abstract

This documert presets the results of aninvestigation of remote sersing technologies ajplicable to the problem of remote aircraft
icing potertial detection. The long-temrm goal is to develop an aircraft mounted sersor capple of detecting dangerous levels of
supercookd liquid water tens of kilometers ahead ofthe arcraft. Instruments capabé of mapping range profiles of cloud liquid
water content and mean particle size were investigated specifically multifrequency radar ard lidar (light detection and ranging).
Multifrequency radar provedto be the nmost promising method for detecting liquid water contert ard parameters relatedto particle
size. Backscatteredpower measurements at one, wo, ard three fequencies were input to a reural network trained to esimate
liquid water corient aml two Szing paraneters This investigation showed that bothtwo- and threefrequency radarswere ableto
extractliquid water content and particle size rameters for various trial distributions of clouds and preciptation. Accuracy was
highest for the threefreqency algorithm, especially in the esimation of liquid water cortert. Instruments capable ofprowvding
horizontal profles of air temperatue were al® investigated, becase they potenially provide ameans of detectig regons of
warmer air, free of supercooled drops. The techologies studlied for temperature profiling were oxygen band radiometry ard a
radar-acaustic sensor. Neither of these tecologies was deerred promising erough to warrant further development within the
currert prog-am.

17. Key Words 18. Distribution Statement

Multifrequency radar, Remote seming, Liquid water content Document is available 1o the piblic throughthe National
Techical Information Service (NTIS), Soringfield, Virginia
2216l.

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22. Price

Unclassified Unclassified 83
Form DOT F1700.7 (8-72) Reproduction of completed page authorized




TABLE OF CONTENTS

Page

EXECUTIVE SUMMARY Xi
1 INTRODUCTION 1
1.1 Multiparameter Radar 1

1.2 PolarimetricLidar 2

1.3 Temperatue ProfilingTechniques 2

2 MULTIPARAMETER RADAR 2
2.1 Radar Confyuration 3

2.2 Neural Network Classification of Pdicle Paransters 5

2.2.1 Training and Test Bla 9

2.2.2 Drop-Siz Distributions 10

2.2.3 Inversion of Particle Paramat With Randomy Varying Conditions 13

2.2.4 Simulation of Stratus d&yer 15
2.2.5 Modified Gamma Distributions Used to RepasAll Clouds,
Rain, and Drizle 17
2.2.6 Summay of Multifrequencgy Inversion Stug 21
2.3  Polaimetric Radar 23
2.4 ScanningStratgy 26
2.5 Signal-to-Noise Anajsis 29
2.5.1 Minimum Detectable Particle Siz 31
2.5.2 Statistical Anaysis of Rarge Peformarce 33
2.5.3 Sensitiviy of Solid-State Radar 34
3 LIDAR 37
4 TEMPERATURE PROFILNG 40
4.1 Oxygen Band Radiometry 40
4.2  Tempeaature Profiling UsingRASS 41

4.3  Summay of Tempeature Profiling Research 44



5 MULTIFREQUENCY RADOME AND LOSSES DUE TOICE AND WATER
6 PROPOSED PROTOTYPE SYSTEM DESGN

7 CONCLUSIONS

8 BIBLIOGRAPHY

9 GLOSSARY

APPENDICES

A [CAinhospheic Tempeature Profiling by Radiomeers
B [Fronht-EndLoss Efects on RadiometereFormance

44

48

51

52

54



Figure

10

11

12

13

14

15

16

LIST OFFIGURES

Geomety for Airborne Multifrequercy Radar

Usinga Single Multiple-Frequency Feed Horn to Generate Colocded Beams &
Severa Frequendes

Pulsed and M-CW Radar Confjurations

Neural Network Estimation of Cloud ParametdssDerived Solef From Measured

Profiles of Rélectivity, Znm1— Zmsat One, Two, o ThreeFreqiencies
Network Topolay for Single InputFrequency Neural Network
Simulation Softwae Fow Chat

Typical Particle Diamedr Distribution, g(d), Assocated Volume Distribution,
p.(d), and Refletivity Distribution,p,d)

Range of Distribution Shapes for Smallest Mode Radius
Range of Distribution Shapes for iixzle
Rang d Distribution Shapes for Rain

Scatter Plot of dBX/ersus MVD andLiquid Water Content fothe Training Data
Set and Test Data Set

Scatter Plots of Estimated VerduputLiquid Water Content, MVD, and MZD
for Totally Random Profile of Cloud and Precipitation Conditions Usine
Frequency, Two Frequenags, and TheeFrequencies

Scatter Plots of Estimated VerduputLiquid Water Content, MVD, and MZD
for Stratud_ayer With 90 Percent Profile-to-Profile @vap d Cloud Conditions
Using Ore Fequemry, Two Frequencies,and Thred-requemies

Scatter Plots of Estimated VerduputLiquid Water Content, MVD, and MZD
for Stratud_ayer With 75 Percent Profile-to-Profile @vap d Cloud Conditions
Using Ore Fequemry, Two Frequencies,and Thred-requemies

Results for Cloud, DriFde, and Rain Model Usinglodified Gamma Distributions
Using Ore Fequerry, Two Frequencies,and Thred-requegies

Sector Scan \th Three-Fequenyg Radar

Page

11

12

12

13

14

16

18

20

22

26



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Beam Averagng to Achieve Common Sanple Volume
Number of Awergges Vesus Maxmum Rang With Update Rate as a Ranete

Cloud Reflectiviy in dBZ as aFunction ofLiquid Water Content Vith Particle
Size as a Rrameter

Atmospheric EXnction Due to ScatteringndAbsorption ly Liquid Water
at0°C

Minimum Deectable Paticle Diameter Versus Rage With Liquid Waer Content
as a Paraster at 10, 35,rad 95 GHz

Cumulative Distribution &nction and Higest 20 Pexent of COF for Simulated
CloudLiquid Water Content

Simulaed Tempeature Distribution
Typica Rarge Profiles ofLiquid Water and Tempeature

Minimum Detectable Reflaivity Versus Rage With Simulated Cloud iquid and
Temperatue Distribution at 10, 35, and 95 Glitr a Tube-Powred §stem

Minimum Detectable Rdlectivity for Solid-Stae Radars With Simiated Cloud
Liquid and Bmperatue Distribution at 10, 35, and 95 GHz

Optical Exinction Coefficient forLiquid Water Content8etween 0.001 and
1 gam/Cubic Meter

Liquid Water Content Versus Rain Rat

Large Droplet Particle Simg Using Three-Freqeency Neural Networkand Thre-
Frequency Neural Network PlusLidar

Radar Acoustic SoundingyStem Conept
Airborne RASS Concept

Airborne RASS Geometry

Phase Error in Degrees Versudllumination Ande 0
RASS SNR Versus Ragrg

Radome Showingce and Water Buildup

Vi

27

28

30

31

32

33

33

34

35

36

37

38

39

41

42

42

43

44

45



36

37

38

39

40

41

42

One-Way Transmission bss of Dy Radone and Radome Caad With 1 cm oflce
and 0.3 mm of Vater

TransmissiorLoss as Function of Ice Thickness
TransmissiorLoss as Function of Ice Thickness Wh 0.3-mm Coatingf Water

TransmissiorLoss as Function of Water Thickness Assumgnice Thickress
of 1 cm

TransmissiorLoss as Function of Water Thickness Whout Ice
System Bock Diagram ofthe Proposed Multifrequepdrachr

Recever Block Diagram

vii

46

46

47

47

48

49

50



LIST OF TABLES

Table Page
1 Summay of Estimdion Erras for Ore-, Two-, and Three-Fequency Radar

Estimaes ofLiquid Waer Content, MVD, and MZD 24
2 Absorption Due to \&ter Vapao for Satuation Conditions at 800 mb 30
3 Parameters for aHigh-Poweed, TubePulsel Ralar Usel in Estimaing Range

Performane of Multifrequency Radar 31
4 Parameters Used in Estimaing Range Perfornance of Solid-Stae FM-CW

Multifrequeng Radhr 34
5 Conditions for Evaluatingequation 31 43
6 Conditions Used in Predictin§NR for Airborre RASS 44
7 Specifications for the Proped Multiparameter Radar 50

viii



D n @®

—“Q.Q,IOOX

—
k]

> X & & O <

s 3 5 7

DEFNITION OF VARIABLES

bias factor in adiometric @libration
two-way atmosphgc attenuation (B)

shape pameterfor gammadistribution;larger valuesof a yield a narower distribution,
also aveaging kernelin apgendix A

shae paameer for the Marshdl-Palmer distribution; &so dlibration bias term in
appendixB

recever bandvidth (H2)

antenna bamwidth (radias)

antenna bemwidth at X-bandradians)

speed of ljht (2.997:4.0° meters/second)

correktion factor(0<C<1) to determine ovelap betveen enge gakes
variable used texpress linear depalaation ratio in lidar
particle diamete(m)

frequerty (Hert2)

radar pulserepetition frequency (often PRF)

shape pameterfor gamma distribution, lager values ¢ y yield narower distributions
antennagain

electromagetic wavenumbe (radians/m)

extinction due to liqud water (d8/km)

complexquantiy related to the indexf refraction of wate or ice
electromagetic wavelength (m)

ice ohmicloss

atmospheric loss (dBm)

liquid water contentg/m>

volume backscaering codfi cient (m?mh®)

index of refrection

number of input nodes in nealmetwork

number of rage gates smpled ly neual network

number of fequermies sampledypneual netwak

number of paametes output ly neual netwak

number of output nodes in nalinetwork



p(r)
Py
Prmin
lc

;

R

Rmax
R

number of radr samples aveaged (poweraveaage)

number densjt parameter for the Mashall-Ramer distribution

general argular variable

scan rage n azmuth (radans)

scan rage n ekevation (radang

drop siz distribution (number of drops per cabneter gr mete diametey
transmit powe (W)

minimum deectable recaved power (W)

mode radius @dius correpondingto the @ak \alue of the dop siz distribution)
particle edius (u m); dso i reflective loss (ppendix B)

radar rage (m)

maxmum unambigous radarange (m), cttermined ly fp.

ran rate (mm/hr)

SDTB standard deviation of the @asued brghtness tempature(K)

T
6
T
T
T
Ta

Zir

pulse lenth (9

general argular variable

time variable (s)

time traveled by arcraft during acousticpropagtion
temperatire (K)

antenna tempature(K)

brightness tempature of radiometer propgating towardantenngK)
time required to s@n entire sample volume(s)
system noise tempature(K)

radiometric tempeture neasuement preision, (K)
aircraft velocity (m/s)

speed of sound (m/s)

cloud refletivity (mm°m°). Z,, is the copolaried refletivity for transmissionand
recepton of \ertical polarizaton; Z., is the copolaried reflectivity for transmission and
recepton of haizontal polarizaton; Z, is the cross-palrized rdlecivity, for
transmsson of horzontal and recepon of \ertical polarization.

differentia reflectivity, equal to theratio of Z, to Z,y



EXECUTIVE SUMMARY

This documentpresents theesults of an invesgiation of emote sensig technolaies appliable
to the problem of airaft icing potential @&tection. The lorg-term goal is to developan aircraft-

mounted sensor caple of dtecting dargerous levelsof supercooled liquid water tens of

kilometers aheadfahe aicraft. Clouds with supercooled liquidiater exhibit a potential for

icing that is a funtion of wate content, and to someegtee, the ange of doplet diametes
[14 CFR Part 25 AppendidxC]. Appendk C conditions are dangerous to a#ftmwithout ice
protection; howeuve they are not dagerous to most aircraftvith ice protetion. Instruments
capable ® mappirg cloud liquid watercontent and men particle sie were investgated.
Furthernore, instuments capmble of probing air temperature were also nvestgaied, n as nuch
as thg may providea means of etecting regions of wamer airwhere drops ee not supecooled.

REMOTE EENSING OF DRORET SZE AND LIQUID WATER CONTEN.

Two technol@ies were evaluated forestimation of cloud particle size and water content,
speifically, multipaameter radar* and lida (light deection and ranging). Multifrequency radar
provedto be the most promisingnethod. A neural retwork was trained to estimateloud
parangters ushg backsattered power neasuements at one, two, and three frequences,
spanningl0 to 95 GHz The retwork was trained to masureliquid watea contentand two
sizing parametes: the diametercorrespondingto the nean drop volumeand the diamete
correspondig to the mean radar reflectivity. In all ases therange resolution was set to 2 km,
althoudh range peformancecan le traded @ against measureemt preision if finer ranging is
required. This investgation showed that both twond three-frequerty radars were able to
extract liquid water content andapicle siz parametersfor various trial distributionsof clouds
and precipitation.Error aralysis showed from 25% to 100% impr@mnent inestimationof liquid
water conentfor the hree-fequency rada as conpared b a dwal-frequery sensor.

For long range sensimy of cloud paraneters,optical attenuatiomn clouds is too hil for lidar to
be used as aatd-alone instrumentAdding a lidar ctannelto the three-frequery radar neural
network algorithm yielded a small improvement in nbale siazng. However, this is on}
applicableto conditionsof low optical attenwation,such as in dride below the cloud baselhe
addition of alidar channd will be of limited vdue, given the inability of lidar to penetrate
optically thick cloud laers.

POLARIMETRIC RADAR.

Polaimetric reseach radarscan measure up to nine indgoendent sattering parangers rdated to

the shapeand orientation of cloud paticles. Thes paemetersare ugful in detectig the

presene of certain ice habits, hail, and lge liquiddroplets. Dueto their smallsize, supercooled
liquid cloud droplets are aely sphercal and theefore present a unifon polarimetricsignatue

showingno depohrization. The main advantage of a mimetric iedar is its abiliy to detect the
presene of ice in mixed-phase cloudsThis information can &usedin inversionagorithmsto

improvepaticle sizeestimates thd are biased to lager sizes by the presenceof ice.

A multiparameter radar combines various fundions, n this case, a multiple frequency radar with polaimetric and velocity
measurement capability .
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RANGE FERFORMANCE OF MULTIFREQUENCY RADAR.

A statistical study of the range performance of tube-pavered and sat-stte radarswas carred
outfor 10-, 35-, and 9%5Hz systems appropriafor a compat airborre sensor.Using statistics
of stratus clouds takemdm published reports, it was showrathube-poweed 10- ad 35-GHz
radarshad a high probability of detecting supecooled clouds to rages of 30 kilometers or me.
Rang performane at 95 GHzis more strogly impacted ly attenuation so thatlouds with

dropsin the range d 80-430 micromedrs fall below te detetion threshold 10 peent of the
time at 30-kilomders range Theefore a three-frequency inversion algorithm would be
configured to revert to atwo-frequency agorithm in Gases when the 95-GHz sgnd level fell

below the detetion threshold.

TEMPERATURE PROFILNG.

Two techniques were investigated for ramote tempeaature profiling: multichannd radiomery in
the 50- to 60-GHaand anda technique knon as RadaAcoustic Soundig System (RASS).
Thesetechnigesare currently in usefor vertical temperatue profiling from fixed ground sites.
Both techniquesppear feasible over stiadarges(a few km) but are searely limited at longer
ranges. Although horizonté profiling over long ranges may betechnically impradical, Quadrant
Engneeing Inc.’s investigaion of the 50- to 60-GHz rdiomeer showed tha vertical profiling
of temperatue ma be pactical with a small airbora sensor. Such infamation would be
valuable to a pilot seeking waerair eitherabove or Blow fli ght level.

PRELIMINARY DESIGN OF A PROTOTYPE ICING POTENTIAL DETECTION RADAR.

The final section of this port considers # desgn of a pototype g/stem for detecting cloud
parametes associad with aircaft icing. After condeting a statistical analys of signal to
noisein stratusclouds,it was concluded that thegposed thre-frequency radar should emplp
high-powered tule source (either nagnetron or khytron) with peak power lewels in excess of
1 kW. Solid-stde soures were aso onsideed but resulted in aloss of dtection cgability of a
factor of three to fow in mean prticle diamete.

SUMMARY OF FINDINGS

In summay, Quadant Ergineeing Inc. has shwn thatthe complexproblemof inverting cloud
paametersfrom range profiles of bakscttered radar power is feasible with aradar opeating at
two or morefrequencies. Paticle sizingwas characterized by two parameters: measure of the
mean particle size and gaid d the size distribution. Addition of a polarimetriccapability can
reduce bases in size estimation inxed phase cloudsybidentifying the pesemre of ice. The
addition of a lidar cannel can pvide a modst improvement in particle sizyin rainor drizzle
but is of little value in remote sensintprough optically thick clouds. Horizontal temperature
profiling using radiometrc techniquesand RASS werealso investicgated. Although both
techniquesppear viable overshort ramges (afew kilometers), mither was found to be sticient
for thelonger rargesneeded forcing avoidance.
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1. INTRODUCTION.

This documenipresents theesults of an invesgation of emote sensig technolajies appli@ble
to aircrdt icing. The long-termgoal is to develop an airaft-mounted sensocapable of
detectirg dargerous levels of supeooled liquid watetens of kilometerahead of the aicraft.

Aircraft icing due to supecooled liquid in the amosphee can significantly deeriorae

airworthinessand has been citedor accicents in both militay and general aviation Ryerson,

1996] Furthermorejcing forecasts have lowesolution and ar often irmccuate, so acraft are

left to contendwith icing or to abandorflying altogether wln an icig potential eists. An on-

board remote cng potential detection ystem would foewarn flight crews of hazardous
environmentakonditionsearly enowh to allow appropiate aew decisions and @ions. Once
the decision is made to avoid aelded icig environment, air &ffic control proceduresmustbe

followed and anappropria¢ flight path determined. Therefore, ary practical remote icing

potential detectionystem should beable to look aheadf the aircraft a significant distance
(about 20-30 kilometers, althgl this value is not firnyl established).

A numberof remote sensig techniques &ve been invesgated @ suggested foicing detection
[Ryerson, 1997] To remotey detect icig potential, any instrument or combination of
instruments must have the capabildf detecting cloud liquidvater content and particle size
parameters. In addition, the capabilit of remotey profiling temperatue would also be
beneficial, althouly on-board tempratue sensors nmyabe adequate to estimate tem@mtue
under some conditionsin this stug¢, Quadrant las investigted a number of technajes to
detectparticle size parametes, liquid watercontent, and tempature. These tehnolajies ae as
follows:

a. Multiparameter rada using two or mae frequencies and multiple polaizations to
estimate liquid water content and particle sizepaameers.

b. Lidar (light detection and ranging) as an ad to multipaameter radar for paticle sizing
and liquid wder estimation.

C. Oxygen bandadiometly to profileair tempeature.
d. Radar Acoustic SoundingyStem(RASS) to profile air tempature.
A brief review of each technolgy is given below.

1.1 MULTIPARAMETER RADAR

Multiparameterradar has the geatestpotential for pobing cloud particé parangters de to the
combination of moderatattenuation and &djuate ecatterirg cross section. A working
hypothesisvas formulated that clouda@mmeters could bextracted ly measurirg backgatterat
a combindion of attenuaing and norattenuaing frequendes. Since scttering is a complex
nonlinear fundion of particle size and frequency, it is impractical to mnside an analytical
solution to the inverseproblemof computingparticle siz and liquid wate content basd on
measured backscdtered power a multiple frequendes. Quadrant theefore focused its dforts on
an approxnate numerical solution to the inversi@pecifically, a neual network. The netwak



was trained H simulatingthousnds of test cas ofradar scatterirg from assumegarticle size
distributions. The neural network is desbed in setion 2.2, whereesults of one two-, and
three-fequency agorithms are conpared.

1.2 POLARIMETRIC LIDAR.

From the outsetof our resarch, it was cler that lidar vas not a viable stand-aie tehnique fo
remotedetedion of paticle sizeand liquid water mntent. This is beausethe opticd attenudion
coefficient in clouds of small particlescan exeed D0 dB/km. However, for drizzle siz
particles (seeral hunded micrometrs in diameter)the optical attenwation coeficient is
modeate. Lidar @n improwe the aacuracy of the multipaameter radar inversion algorithm
simply by addingan additionalfrequemry to the inversion. The advantge of addig lidar for
drizzle sizing is margnal, however,since it is ony appliable belowcloud base.Overall, it is
difficult to makea strorg case fa including lidar in an airbene icing avoidance ystem, sine
lidar cannot pegrate optially thick clouds.

1.3 TEMPERATURE PROHIING TECHNQUES

To our knowledhe, there is no established technglay literatue on temperaturerpfiling over
horizontalpaths. Quadraninvestigated two potential methods femote temperatarprofiling:

oxygen band radiomety and RASS. The uniform mixng of oxygen in the atmosphemeans
that brightness tempature measwed nar the oygenabsorption bandsentered at 60 and 18
GHz depends orlon Eemperatue, pessureandwate content. Investigationscarried out during

this study showed tha horizontd range profiles of tamperdure can be estimated if multiple

frequerties ae sampled in the 50to0 60-GHzband. This techniqueis well establishedor

vertical meastement of temeratue but has not e appliedto horizontal temperatue

profiling. In section 4.1 the capabilities and limitations ofygen band radiomepr are
summaried. A more detailed aalysis is pesented in agmdix A.

Another method forremote detction of tempeature is theconcept of usig a novel
implementation of theRASS tehniqueto measure the speed of theacoustic wavefront emitted
by thearcraft. Initial calculaions showd tha amoder&ely powered radar ould deect acoustic
scatter fom ergine noise at distaes in exess of 10 km.However, later analsis demonstated
tha theradar goss-gction of theacousticwavefront will deaeaserapidly as the aircraft moves
forward from the locusof the acoustiavavdront. Thes catulations, presented in&®n 4.2,
sugeest tha RASSis imprectica for arbornetempeature prdfiling. Other difficulties with lorg-
distance FRASS include dstortion of he acoust wawefront by turbulence, aswell asadwecion
by the meanwind field. Thereore, hetechngue s also mpractical for slower moving aircraft,
such as helicopters.

2. MULTIPARAMETER RADAR

Conventional weatheradas, opeating between 2 and 10 GHzsample asingle parameter,
reflectivity, Z, which is the sith moment of the particle gaistribution, gven by

Z= %df mnf/m® (1)



whereN, is the number of péicles percubic mete anddi is the dameter of he i paticle in
millimeters. Dopplerradars add aadditional pair of parameters: the mean andavexe é the
Z-weighted velocity spectrumof the particles. Vertically pointed rada obsenations of the
velocity spectrum hawe been ued to chaactaize drop-sie distribution from airborneGalloway
etal., 1998]and goundbased installationsFor these masurenents, the relationship betere
paticle sizeand fdl velocity’ can be used to &act the drop-siz distribution, provided some
means is available teemove verti@al air motions. For haizontal observations, therie no
equivalentmethodfor extracting particle size from the velociy spetrum. Reseach weathe
radars usdly add an orthgonal polaization channel that providds/e additionalparameters
relatedto particle shape andce/water phase. Some bedfit may be deived from adding
polarization, especiayl in detecting pristine cystals or laige droplets, as desibed in setion 2.3.

2.1 RADAR CONFIGURATION.

Figure 1 shows thegeomety of the multifrequencyairborre radar. Radar pulse volume is
determinedby range resolution, AR, and antenna-8B one-way beamwidth, delingted by the
dashedines. Two beamwidths are shown in thigyfire, one fo a hgh-frequery radarand one
for a lowfrequengy radar. A singe main rdlector can seve two or nore frequercies
simultaneougl, as shown in fure 2. In this configuation, a sing feedhorn supportig
multiple frequendes and multiple polaization is usé, resulting in coaxial beams & dl
frequerties with no increase in agrture blockage [Sekelsky and Mcintosh, 1995] Frequency
reuseof a commonapeture is es®ntial for the pesent appliation whee limited space will be
dlotted for an airborne icing avoidance antenna For each frequency, radar sasitivity is
inversey proportional to bamwidth. Therdore, it is craial to use the rmaowest beamwidth
possiblefor each frequeny, (i.e., useas much of thewvailable ardnna aea as possible) since
sensitivity is likely to be a key peaformance issue Although someerror ma result from
unmatched bemwidths, effetive bemwidths can be mmalized in postprocessingdpy spatial
averaging, as desgbed in section 2.4.

range

radar pulse volume

FIGURE 1. GEOMETRY FOR AIRBORNE MULTIFREQUENCY RADAR

2 Fall velocity is the vertcal velocity of adropletin the alserce d vertical winds.



fa 1
f3 F&% subreflector

FIGURE 2. USING A SNGLE MULTIPLE-FREQUENCYFEEDHORN TO
GENERATE CQ.OCATED BEAMS AT SEVERAL FREQUENGES
(Feed ports for theefrequenciesf,, f,, andfs, are shown.)

Two typesof radars were consideedfor the presentapplication:a high-powe pulsedradar using
a klystron a magnetron tubeas a power souce and a low-power FM-CW? radar built with a
solid-stde transmitte. These basic radar configurations ae shown in fgure 3. A pulsead rada
typically uses asinge antenna fotransmissiorand receptionby usirg a t/r (tensmit/receie)
network. FM-CW radas areusudly built usinga pair of antenna to minimizeleakage of the
transmit sighd into therecaver. For a pulsd radar, range resolutionARis equd to ct/2 where
cis thespead of light andt is thetransmitted pulselength. For example, a rangeresolution of 2

km requires a pulseadgth of 13.33 us. For an FM-CW radar, AR:Z—CB, where Bis the
bandwidth of the Equeng-modulated transmit sigl.

3 Frequency modulaed continuouswave
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FIGURE 3. PULSED AND FM-CW RADAR CONHGURATIONS

2.2 NEURAL NETWORK CLASSFICATION OF PARTCLE PARAMETERS

Neurd networks have recently gained favor in solvingcomplex, nonliner problens whereit is
difficult to construct closedeirm anaytic solutions Chen, 1996] Quadrantusedthe Stuttcart
Neural Network Simulator (SNNS), Version 4.1, rungion a Silicon Graphics Wrkstation.
The following description of newal netwaks is exerpted fom the SNNS manualEll et al.,
1995}

Connectionismis a currentfocusof resarch n a nunber of disciplines, amng
them atificial intelligence (or more general compute science), plysics,
psychology, linguistics, bioloy, and mediine. Connectionism regsentsa
specialkind of information praessig: Connectionist ystems consist of mgn
primitive cells (units) which are working in pagllel and are conrecied via
directed linkg(links, conmectiong. The main pracessing principle of thesecels is
the distribution of ativation pdterns aross thelinks simila to the basic
mechanism of the humanadmn, whee information processip is basedon the
transfer @ activation fom onegroup of reurons to others thragh synapses...

The high performance of the human brain in extremely complex cognitive tasks
like visud and auditory patern recognition was aways a great motivation for
modelingthe bain. From this historicmotivation,connectionisinodelsare also
called neural nets However, most curent reural netwak architectues do not
to dosdy imitate thdar biologica mode, but raher can be regarded simply as a
class of paallel algorithms.

In these models,knowledge is usally distributed throghout the netal netwak
andis storedin the structure fothe topolog and weghts of the links. Neural
networksare organized by (automated) tining methods, whilk greatly simplify



the development of spedic gpplicaions. Classi@ logic in ordinary artificial
intelligence systems is replaced by vague condusions ad assaiative recall (exact
matchvs. best match).This is a bg advantage in all situations wherno clea set
of logical rules @n begiven...

The inverse problem of extracting cloud paametes from the masuredrange profiles of
backscattered paav is a goocexample of a problem without well deéd rulesfor estimation.
The forward problem is straightforward: for a given dop-siz distribution, reflectiviy and
attenuation canasily be calculated usig Mie satterirg formulas. Also, cloudand preipitation
properties, suclas liquid water comint or rain ate, @n be diectly calculatedfrom drop-siz
distribution. Solving the inverse poblem, that is, calculatgicloud @rametes from measured
reflectivity profiles, is vey difficult dueto thenonlinearity of the forward problem. Neura nets
are ided for solving problans wheretheforward problen is wdl charaderized but theinverse is
nonlinear and complicated.

The neual network vas desgned to exract cloud prametrs usirg only meaured paver at
multiple radar frequencies @ a function of range.* The basic concept is shown imdie 4for a
simulaion usingfive range gates. From therange prdfiles of measured reflectivity, Z,, the
network estimateshree cloud and pecipitation properties, includintiguid water content,m,,
meanvolume diameter (MVD) and mean Zdiameter (MZD). MVD and MZD were ued n
place of he nore common ice sking parameter of median volume diameter, since they are
readily defined in terms of atios of moments of the drop-siaistribution. Mean volume
diameter (prticle diamete corespondig to the mean fothe volume distribution) is definess
the fourth moment dividedytthe third moment of the drop-gdlistribution

|
MVD=2 )
I

wherep(r) is the number foparticles gr cubic meter gr mete drop idius.
MeanZ diameter (dametercorrespondingto the man of the distribution of the dix powerof

the drop sie) is defined as theegenth moment dividedybthe sixh moment ofthe drop-siz
distribution:

[
MVD=2 [ 3)
|

* A similar neural network-based algorithm, onetha estimates snowfall amountsfrom radar refledivity profiles, was recently
pulished in [Xiao, @ d. 1998].
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FIGURE 4. NEURAL NETWORK ESTMAT ION OF CLOUD PARAMETERSIS
DERIVED SOLELY FROM MEASURED FROFILES OFREAR.ECTIVITY,
Zmi— ZnsAT ONE, TWO, OR THREE FREQUENIES
(Attenuation valuesra only used to compute theffect ofattenuation on measeao powe.)

Whenthe size distributionis narrow,MVD and MZD are almost equal.MZD is consideably
larger than WD for drop-siz distributions with a wide rage d particlesizes. We showbelow
that MVD is close to median volume diamefigrthe modifiedgamma distribution.

Radar reflecivity dat is calculated from drop-sie distributions n each rage cell, ushg Mie
saitering for spherical particles by implementing an iterative procaelure developed by
Deirmendjian Deirmendijian, 1969][Ulaby et al.,, 1981] Reflectivity and attenuationare
calculated for each ange cel at each opeating frequeng, then conbined to obtain the radar
obseved reflectivity for eat cel. At each frequency, the meaured reflectivity (Zmn)
correspondig to the Nth cell is calcudted from edar reflectivity of the N-thcell, in dB, (Zy)
and one-wy attenuation due torppagation, in dB, (Ay) accordirg to

Z.n=Zy - AAR- N212AAR, 4)

whereA is the attenation rate in di&km carespondig to cell i. Our model uses fivearge cells
with AR = 2 km, so each set training and test dataontains five obg®ed radar reflectivities at
each opratirg frequerry. Random measament emors ae acountedfor by addirg noise @ 1
dB standad deviation to eegh value oiZ.

The neual networks used in this aryais consisted o&n input lger, two hidden &yers, and an
output layer. Hidden layers consist of nodes thateanotdirectly conn&tedto input or output.
The number of inpufN; ) and output node@N,) is deermined ty the numberof radar operatirg
frequerties (Nr), numter of range gates(N;), and numbr of cloud pararaters(N,) according to
N, = N, N, ()

and

N, =N, (N, -2) (6)



Cloud and precipitation parasers of thefirst and last ange cells arenot estimatecbecaus the
multifrequency tedhnique relies on the refl ectivity gradient (rdated to dtenudion), which
becomes lesscaurate if dat from adpcent ange gaes are not available. The numberof nodes
in the hidden Igers increags with the number of input nodedlowing the neural network to
implement a more complexigorithm asadditional input data is availableézigure 5 showsthe
neural netwdk topology for a sirgle input frequeng. The toprow of inputsis equalto the
measureddflectivity at five rarge gates. The bottom row caesponds to the estimated liquid
water conent MVD, and MZD at the tiree cental rarge gates. The diameter of the noes n
figure 5 indicatesthe strength of its output. These diamets chaige as afunction of input,
dependig on the weights of the inteconneting linesand the node ansfe function. The noc
connections wereconfigured to implenent asimplefead forward neurd network, while standard
backpropagatior? learniry was emplged to train the eural retwork. It was found that the
largest newl network (tmeefrequeng) could be acuately trained withina few hourson an
SA workstation. The newal networkwas orginally trained usig the total root man squae
(rms)emor between input and output datets. Howeve, this led the nea network to feaus on
the largest paticles. Subsguently, we trained the neural negwork to minimizethe pecentage
error,which gave mae uniform esults as a fuction of particle sie and liquid wate content.

hidden layer

hidden layer

133 QAL LE-rrg LE = 502 .64 M7 Qs L=

Mys MYDe MZIDs miyy MVD3 MEZDy mg MVDy MEZDy

FIGURE 5. NETWORK TOROLOGY FOR SNGLE INPUT FREQUENCY
NEURAL NETWORK

® Standad backpropagation seeks to minimize the globd error between neéwork output vectors and training output vectors
[Rumelhart, e d. 1986).



2.2.1 Training and Test Aa.

A flow chart of the simulation software is shown igudre 6. The bulk of the chat descibesthe
procedue used togenerate training and test data. This data, geerated usig the models
presented below, turned out to bethe most citical aspect of this andysis. These files contan a
large number binput/output data vector paj e@h of which representsa particular cloud or
precipitation case. Thevarigy of cases, therelationshipsbuilt between the variouselements of
theinput andoutputvectors,and theerrors d the ralar cita must be ralistic and must repsent
naure to ensuretha theresults prelict the paformance cgability of areal system. Unredlistic
trainingand est data will produce unrealistic results.

Cloud/ Precip.

Model s
m, =0to 1.5 g/m"3
a=0.1to4 .
y=05t02 Cloud Rain and o, R=0.1to 15mm/hr
r=0.1to 20 um Drizzle

(0.51t0 100 pm) \\; Cloud/ Precip.
| ! Parameters

Mie Scattering
Model

, - ice reflectivi
Attenuation Reflectivity A 'C(g_;edg‘;“v'ty

Freq., Range Gate

Spacing l l
Radar M easure ment Radar Observed | | (Err\:r:n,\g(l)g;g
Model Refle CtiVity Measurement SLFD)

A 4

Neural Network

Comparison

Estimated Cloud and Rain
Parameters

FIGURE 6. SSMULATION SOFTWARE AH.OW CHART



Test dda and traning data sés weregenerated indgoendently using the same stdistical modds.
Trainingdata files containa muchlarger numbe of cases (10,000 &ining compagd to 200 test
cases), assumncoverage of the enérspace of clouénd precipitation conditions Another
reason fo training the newal networkwith a ver large data setis to avoid undersamplingthe
input/output function and to prevent mematian’ which can ead o large errors wken an
independent test datatgs applied to the neuraktwork. The st data files do not hawo be
large, but thg should sample themge of conditions a realystem mght encourgr.

2.2.2 Drop-Siz Distributions

Cloud drop-sie distributions are commoylmodeled usig the modified gamma distribution
[Deirmendjian, 1969]

p(r)=are™ m* (1)

where a,a,band y are positive red constats tha can be usel to paameterize drop-size
distribution. These constants arelated to the numbef paticles pe cubic mete N,, andthe
mode radiust, (the particle radiuscorrespondig to the pek of the dop-siz distribution) ly
the followingformulas:

b=-3 (8)
B
a= N,y 9)
r(g)
whererl () is thegamma function and
B = a_+1 O (10)
y
The cloud liquid watecontent is related tN, and partick radius,r, in mders, by
S A
m, =10° > —r*0 (11)

1=1

Thus, drop-sie distribution is completgl specified by liquid wate content,mode radius,and
shape pameters a andy.

®If the rumber of training pants is small, the retwork canimplemert an erra-free mapping of eachsetof input \alues into the
proper ouput values.
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The Marshall-Palnredistribution was used for thain and dizzle cases tested below:
p(d)= N,e™ (12)

whereNy = 8.0 x 1 for rain, No = 8.0 x 1 for drizzle, andd is thedrop dianeter in meters.
The paameter, b, is given Ly

b =4100R™°* (for rain) (13)
b =5700R™*" (for drizzle (14)

whereR;, is theran raein mm/hr.

Mean volume diameteand mearZ diametemere calculated fom drop-siz distributionswhich,

together with liquid water content,esved as output vector ements of the traingnand st data
ses. The diferene betveen MWD and MZD is a neasure 6 the spread in paricle size

distribution. A narrow distribution of particles will éxbit neary equal values of WD and
MZD, while a broad distribution of p#icle sizes will have a larger vaue of MZD than MVD.

Figure 7 displays a typical gamma distributionpy(d) (o = 1.0, y = 0.5, and assdated volume
distribution,p,(d) = d*py(d), and reflectivity distribution,p,(d) = d°py(d). Also shown a& MVD,

MZD, and median volume dianet(MeVvD). For therange d gamma distributions used ithe

simulations, the ratio M2/MVD ranged from 1.27 (for marrow distribution)to 2.91 (for wide

distribution). The ratio MeVD/MVD \aried from 0.78 to 0.99.

1.0000 :
> R, ]
£ i
@ 0.1000
g
R l
£'0.0100 } R AN
fo! Cpl i\ ]
3 ARSI
O 0.0010 F i\R
S Sal=
=5\
0.000 : - bo AL 5 ]
01 010 100 1000 100.00 1000.00

drop diameter in micrometers

FIGURE 7. TYPICAL PARTICLE DIAMETER DISTRIBUTION, py(d), ASSQCIATED
VOLUME DISTRIBUTION, p,(d), AND REALECTIVITY DISTRIBUTION, pAd)
(The dashed lines shoMVVD, MZD, and median volume diameteVD)).

Extremeexamplesof clouddistributionsareshown in figire 8 for the smallest and lgest mode

radius. Extreme examples of drizle and rain distributions are shownfigures 9 and10 for both
smdlest and largest rain rates.
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FIGURE 8. RANGE OFDISTRIBUTION SHAPESFOR SMALLEST MODE RADIUS
(Top,re=0.1um) and lagest modeadius (bottomy.= 20 um)
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FIGURE 9. RANGE OF DSTRIBUTION SHAPESFOR DRZZLE
(Solid line R = 0.1 mm/hr; dded line:R. = 10 mm/hr)
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FIGURE 10. RANGE OFDISTRIBUTION SHAPES FOR RAIN
(Solid line R, =5 mm/hr; dottd line R, = 15 mm/hr)

2.2.3 Inversion of Particle Paranmms With Randomy Varying Conditions

The first test of the inversioalgorithm includes a random ntixre of cloudsand precpitation.
Conditions were varied n@oml from range-cell to range-cell with no correlation between
adjacent cellsThese apidly charging, uncarelated conditions fromdl to cell make estimation
difficult becaue reflectivity gradients e not ony a furction of attenuation, but can akily
charge due to variationsin drop size and number oflrops contaied in the rage-cell. The test
and trainingdata contiined 75% cloudases, 1% drizzle, and 10% rain.

Model paramets used fo cloud, drizle, and rain @& tabulated dow. Unless noted,
parametes ae uniformly distributed over thegiven range. Tempeature fluctuations were

included (from —15 to +%) sine the indexof refraction of wateris temperatue dependent.
The agorithm uses tempeature in computirg the index of refraction of water, which dfecds

scatering efficiengy and atenuation.

. Cloud model (based oragma distribution) (75% odll casek

Mode Radius:0.1 to 20um

Shape Rrameter a: 1 to 4

Shape Rrametery: 0.5t0 1.5

Liquid Water Contentn,: 0.05 to 1.5m>

. Drizzle (Marshall-Palmer distribution) (15% of alises):
Ran RaeR: 0.1 to 10 mm/hr
. Rain (Marshall-Palmer distribution) (10% all ca®s):

Ran RaeR: 5 to 15 mm/hr

13



Threeneural netwaks were trained and testeavith simulated data.Figure 11 shows the liquid
water conent and MVD versus reflectivity distribution of the @ining and test data sets,
includinga mixture of clouds, rainand drizle. The hidhly clusteed tail at the uppeend ofthe
dBZ versus M\D plot (see thedt-hand plots in figue 11)correspondgo the rain anddrizzle
cases onl. Clustkring in therain and dizzle casessidue b the fact thatthereis a one-to-one
correspondnce between reflectivity and mean volume dameter fo the Mashall-Palmer
distribution. Clugering due to the Mrshall-Palmer distribution caslsobe seenin the plots of
dBZ versus liquid watecontent (se theright-hand plots in figre 11).

Training Data Size Distribution Training Data Size Distribution

i —aof

80 1 1 1 N A0t

1 10 100 1000 10000 0001 Duoo Lood .noo 14sn0
Mean Volume Diameter (um) Liquid Water Content (g/m®)

Test Data Size Distribution Test Data Size Distribution

dBZ

—fn
1 10 100 1000 1 00S0 0.0 010 1.00 10.04

Mean Volume Diameter (um) Liquid Water Content (g/m®)

FIGURE 11. SCATTER R.OT OF dBZVERSUS MVD ANDLIQUID WATER
CONTENT FOR THE TRAINING DATA SET AND TEST DATA SET
(Drizzle and rain (25% ofase} were generated usingthe Marshall-Palme

distribution; Gouds (75% of casgsire gamma distributed.)

The neual networks included antrainedfor X-band ony (10 GHz); onefor X-bandand Ka-
band (10 and 35 KBz); and one traing for X-band, Ka-band,and Wband (10, 35and 95GHz).
The effectiveness of thee algorithms wa evaluated by generding scatter plots of the true value
of various paametersfor the test dat set versus the earal network estimates ofhese
paameters.
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Resultsfor the caseof mixed precipitationand clouds is presented figure 12. Root mean
square ms) erors are tabulatedlong with scatter plotof estimatedversusinput valuesof
liquid water content, MVDand MZD. Liquid wat& contenterrors were repored using an
absolutesale, sincethe effed of liquid waer on aircraft icing is linearly related to liquid water
content. A percent sale was ued to displg MVD and MZD erras, emphasing that sizing
accuecy was almost constant ovexr widerange d input sizs. Using an absolutescale for
paticle sizeerrors is misle@ding, sincethe asoluteerror isdominded by smdl perentage errors
in thelargest paticles.

The results prested in fgure 12 shw that estimationaccuacy improves substantialf for
liquid water content as mewopekgting frequenciesare ugd. On the otherhand, sizing is fairly
robust, even usna sirgle 10 GHzradar. This is beause Eflectivity is moststrondy dependent
on particlesize (MZD) and ony secondaily on liquid wagr content, sine Z is proportional ta®
while my, is proportional taf®.

2.2.4 Simulation of Stratus dver.

To simulde flight through a straus layer, the neurd network was also traned with amode that
only contaired clouds. In order to simulate a slowl varying cloud deck, adja@nt range cells
were corelatedwith two different corelationfactors. The range of cloud paameters usedor
the stratus simulation are (Stratus Clouds 100% oba#g):

Mode Radius:0.1 to 20um

Shape Rrameter a: 1to 4

Shape Rranmetery: 0.5t0 1.5

Liquid Water Contentn,: 0.01 to 1.5 gh™
Temperatue: -15 to +5C.

For the pevious simulation, liquid water content was unifidy distributed betwen 0.05to
1.5 g, This resulted in a low pratbility of generating clouds with low liquid water content
(only 3.3 percent of the caes wee less than 0.4h™). For stratus clouds, liquid wateontent
wasdistributed loguniformly between 0.05 and 1.5, emphasiing cases with smaller liquid
water conént

m, = 0.5x10™ U (m) (15)
whereU[0-1] is a uniformy distributed random vaable on the inte@ [0,1]. In this way, the

probability of simulatingclouds with liquid water contentelow 0.1 giin® was ncreasd from
3.3 percent to 20 peent of all cass.

15
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FIGURE 12. SCATTER RLOTS OFESTIMATED VERSUSINPUT LIQUID WATER
CONTENT, MVD, AND MZD FOR TOTALLY RANDOM PROFLE OF CLOUD AND
PRECIPITATION CONDITIONS USING ONE FREQJENCY, TWO
FREQUENGES, AND THREE FREQIENCIES
(Drizzle and rain (25% ofase} were generated usingthe Marshall-Palme

distribution; clouds (75% of casem)egamma distributed.)
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FIGURE12. SCATTER RLOTS OFESTIMATED VERSUSINPUT LIQUID WATER
CONTENT, MVD, AND MZD FOR TOTALLY RANDOM PROHFLE OF CLOUD
AND PRECIPITATION CONDITIONS USING ONE FREQUENCY, TWO
FREQUENGES, AND THREE FREQJIENCIES (Continued)

Mode radius, shapeammeters, liquid wate content, andemgeratue were correlated from
range gate to rarge gate within a paticular case, but &hcase(10000 for traning and 200 for
testing was independentrém the est. This correlation \as generated ly the following mixing
formula (shown fom,)

m,(i +1)=m,(i)ca+m, f1-c) (16)

where m, is a randomy} generated \alue within theallowablerange, and C is the corelation
factor. Two test case$or C = 0.9and 0.7 a& presated below.

Datafrom stratus simulationsare presnted in fgures 13and 14. Thesecags show improved
ability to detect liquid water content using two and three frequencies & compered to thetotdly
random cas.

2.2.5 Modified Gamma Distribution Used to Repees All Clouds, Rain, and Drire.

The Marshall-Palmedrop-siz distribution used in theain simulationsdescribedaboe results
in a fixed relationship betweeAandR;

Z = 200R*® (17)
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(All data wee generated usingthe modifiedgamma distribution.)
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FIGURE 13. SCATTER RLOTS OFESTIMATED VERSUSINPUT LIQUID WATER
CONTENT, MVD, AND MZD FOR STRATUSLAYER WITH 90 FERCENT
PROHLE-TO-PROHLE OVERLAP OF Q.OUD CONDITIONS USING ONE

FREQUENCY, TWO FREQUENCIES, AND THREE FREQUENCIES (Continued)

referredto asthe Marshall-Palmer formula Poviak and Znic, 1993] When the neuraletwork

is traned with a Marshdl-Pamer distributionfor rain, measurements of Z madeat X-bard (a
neary nonattenating wavelergth) are equivalent to raly exact meastementsof rain rate.
Once the m@n rat is known, the entire goticle siz distribution is determined throhg
equations 12 and 13Therefore, on@ Z is measuret X-band,all cloud propertiesare pinred
down deterministicaly. To avoid this problem, the modifieghmma distribution was used to
model precipitation.The modifiedgamma distribution has no fed relationship betwan Z and
particlesize distribution,makingit more difficult for thealgorithm to invert particle grametrs
from rada measvements. Thefollowing range d palameterswas used to model clouddizzle,
and rain. Modified gamma distribution model for cloudstidzle, and rain:

Mode Radius:0.5 to 160um

Shape Rrameter a: 0.1t0 4.1

Shape Rrametery: 0.51t0 2.0

Liquid Water Contentn,: 0.001 to 1.5 gn'®
Temperatue: -15 to +5 C.

" Errors stillarisein the inversion die to added noise in the X-band test dda.
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(All data wee generated usingthe modifiedgamma distribution.)
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FIGURE 14. SCATTER RLOTS OFESTIMATED VERSUSINPUT LIQUID WATER
CONTENT, MVD, AND MZD FOR STRATUSLAYER WITH 75 FERCENT
PROFLE-TO-PROHLE OVERLAP OF A.OUD CONDITIONS USING ONE

FREQUENCY, TWO FREQJENCIES, AND THREE FREQUENCIES (Continued)
To avoid assiging high liquid watercontents to distributions containingry large doplets, the
liquid water content wasotipled to the modedius usinghefollowing distribution function:
ufo-1)3.176-13) |
m, =0.001x10 E gn (18)

The mode radius was also distributed using a log-uniform distribution tivega hgher
probaility of smadl droplets:

r, =.5x10°10?* LY (m), (19)

2.2.6 Summay of Multifrequeny Inversion Study

Figure 15 plots liquid water conént, MVD, and MZD inersions usingone-, two-, ad thres-
frequerty neual networksfor the cloud, dzzle, and rain caseith modified gammadistributed
particlesizes. Like the secondstratus cae pregnted abog, the carelation betweermgates was
75 percent Note thatthe average eror in liquid waer conentis greaty reducedfor the sngle-
frequerty case. This is an artifict of the taining process, wheg liquid watercontentwas
intentiondly biased towads sméer vaues than in theprevious test caes.
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Table 1 summaris erros in liquid water content, M, and MZD for one-,two-, and three-
frequerty estimatedor the case of andom cloud variation, the two stratuyéacases, and the
simulationbasedsolely on the modifiedgamma distribution. Theseresults suggest that a two- or
three-fequency radar systemcan be ued to exract particle sie and liquid wate content fom
measuredralues of backscatteed pover. For all fou test cass, the threérequercy inversion
errors aresmalleg than the two4fequency inversion ty as much as 100exent, althouy the
improvement is not as dramatic asvieeen tle one- ad two-frequencycases.

Following the program review at CRRHE., the neural neéwork was retrained separately for each
individual parameter. Training each paamete sepaately made a small improvement in
performarce for MVD and MZD and no improement for liquid wate content. The neural
network wasalso trained to d@ract median volumeliameter. The eror reported fa median
volume diameter waswithin 1 percenof the eror reported for meanvolume diameter, when
tested on a theefrequeng inversion.

2.3 POLARIMETRIC RADAR.

For themostgenerd case of scattering from naurd surfeces, a polarimeric radar can report as
mary asnineindepenéntparametersto represent the aviage scatterirg behavior ofa collection
of particles [Huynen, 1970] For scatteers havig azmuthal ymmetry, the rumber of
independenparameters is educed to five. For a linerly polarizd radr, thee paemeters
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include reféectivity at vertical polaization, Z,; differential reflectivity, Zg,; linear depolarization
ratio, LDR; and mgnitude and pase of tle copolaried carelation coeficient, |pnjand [opd

TABLE 1. SUMMARY OF ESTIMATION ERRORS BR ONE5 TWO- AND THREE
FREQUENCY RADAR ESIMATESOFLIQUID WATER CONTENI, MVD, AND MZD

Liquid Water Cortert Eror, g
Frequecy
Test Case 10 GHz | 35 GHz | 95 GHz
Randonty varying clouds ad ran 0.39 0.26 0.17
Straus, 75%coreation 0.57 0.1 0.08
Straus, 90%coreation 0.47 0.06 0.03
Modified gagmma distrbution, 75% carelation 0.05 0.04 0.02
MVD Etrror, %
Frequecy
Test Case 10 GHz | 35 GHz | 95 GHz
Randonly varying clouds ad ran 25.1 21.5 15.9
Straus, 75%coreation 335 18.8 15.9
Straus, 90%coreation 35.8 16.8 12.0
Modified gamma distibution, 75% carelation 46.4 31.3 28.5
MZD Error, %
Frequaecy
Test Case 10GHz | 35 GHz | 95 GHz
Randonly varying clouds ad ran 25.1 20.1 15.7
Straus, 75%coreation 34.0 18.8 16.8
Straus, 90%coreation 36.3 18.6 13.3
Modified gagmma distrbution, 75% carelation 45.3 32.0 28.4

Similar paameters are available for acircularly polarizel radar and have been showrto contan
equivalentinformation [Jameson,1987] The parametersan be eported at one or ma
frequerties, thus, arlN; frequeng polarimetric radar canreport as rany as 3N: polaimetric
paraneters. In pracice, nany of these prameters ae correlated or @rtialy correlated b one
another,reducing the dfective number of ingpendent polametric paametes below N .
Conditions where the number of potaetric paametes is less than five include

a. Clouds with particles that are isotropic in the polation plane. For this cas, the
number of indepereht scatteng parameters is redaed fom five to two. Thes two
includeZ,, andZ,.

b. Clouds with particles that are ardy spheical anddominatedoy single scatterirg. In this
case,LDR = 0 andZ, = Z,, so the number of independerdaierirg paametes is
reducedrom five to ore.

Thus, a polarimetricadar adds no additional detection capalibits compred to aconventional

weather ragr whenob<serving nonpreipitating cloudsthat onyy contain supeooled liquid water
droplets. The primary advantge of a polametric radar is in deteting particles with a nonero
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axial ratio. Common particle shapes that camdeteceéd overa horiontal or nea horizontal
pah usingpolaimetric radar arelisted bdow alongwith the gpplicable polaimetric quantities:

. Precipitation sied liquid droplets Zqr, [0rl])

. Pristine ice crystals, suchas phtes or nedles with préemred orentation g4, LDR, or
Phv-)

. Tumblingice aystals without predérred alighment (LDR, |phv|).

b4 Hall (Zdr, LDR,Orph\/).

. Water coaed aggegdes or rimed particles, especially in the mdting band (DR or
|Pn])-

Aggregatesand rimed iceparticles in thdrozen state ekibit a smallamountof depolariation
(LDR values of -15 B or less) andare usally difficult to detecton the basisof polarization
alone.

Two otherfactorsreducethe number of usful polarimetric prameters. First, polarimetric tams
such asLDR and Zy are not strony frequeng/ dependent. For this reason, arpctical
multifrequeny radar would most likey employ a sirgle X-band polarimetricchanrel. Second,
LDR measurements, hibiting usable valas 5 to 25 dBoelow tre copolarizedeturn, are not
pracical for a gystem that must opegte at long ranges. Pracical LDR measuements requie
high signatto-noiseratiosthatcan ony beexpeced wthin a fev kilometers of heaircraft. The
only polarimetric palameters that are pacical for long range measurenent are Zy and ph,
parametes that ony depend oncopolarizZd measwments.

Z4 and p,y measurementsould aid the neural network inersion by identifying the pregnce
ice in mixed phase cloudslce biags rdlectivity measuements without addingppresiably to
attenuation. This bias appe® as acharge in drop siz, which caues erors in the inversion of
liquid water and size paameters. It is important to point out thiaregions exhibiting high levels
of Zy are not all that common in nonprecipitatiolgpuds other thn cirrus. Suchclouds must
include pristine crystals in theabsence of aggeggtes or other large partides tha will dominge
the backsattered pwer. A mixed-phase&loud containig aggregateswould not bedetectableby
apolaimetric radar.

In summay, multipaameter radar can provideas many as 7N; independent paranees (five
polarimetric and two Doppl paametes per fequeaicy). Howewer, for the preentapplication,
where anN; frequeng radarwould likely include no Doppler capbility and ony a sinde
polarimetric channd, the totd numbe of parameters is reluced to 4+N;. In addition, for tle
case of liquid clouds contairgrsmall, nonpreipitation sizd particles, the polarimetrichannel
adds no information, in which aashe number fopatameters is educedto N;, the backscagred
power sampledt ezh frequeng.
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For reseach purposs, it is recommended that thelbdndrada includea polarimetricchanneko
improve particle sizing of large droplets and identify pristine ice crystals when they occur.
Adding a single-frequency polarimetric cgpability means alding an alditiond polarization port
to the antenna feed and requires tha the antenna be more carefully constricted to reduce
couplingbetween orthgonal polariations. A polarimetric clannel alsoequires someadditional
switching circuitry for polarizdion agility and alditiond algorithm complication for calibration.
Adding a single-frequency polarimetric channd to theradar will add gproxmately 5 percent to
the total cost of the protyge system.

2.4 SCANNING STRATEGY.

For optimd sensitivity, a multifrequency rada will generate antenna paterns with differing
beanwidths. Therdore, & any given nstant the lbow-frequency radar sanples a much larger
volume than the higer frequercy systems. The scaning strategy desribed belov canbe used
to mitigate this problem. In addition, ag radar system samplig a distributed scatterer must
averagemany pulses to @nverge to a usdle estimate of the mean scattered power. The number
of avelagesexpeced asa furction of scarrate, maximum rarge, and sie of the scan setor is
derived bdow and is usd subsquently to estimate signd-to-noiseratio.

A crosssectionof the scan volume is shown inglire 16 whee 3-dB contours fothe antena
beans are displayed for a three-frequerty radar. The beamradi are dravn in a rato of 1:3:9
and repesent the Xand, Ka-band,and W-band 3-dB anterangain contours. If sensitivily were
not an issue, the antennaedmwidths would be degied to be thesame at all
frequerties-assurig that samplevolumes ardrequeng indegendent. However, for a g/stem
designedto detect cloud parametrs at lorg ranges, the amnna patten should be degned to
maximize signakto-noise rato. Since he backsatiered power scalesinversely with beanwidth,
it is important to transmitthe narowest possiblebeanwidth to achieve optimd signd-to-noise
ratio.

low-frequency footprint

\ = -
)

high-frequency footprint

scan region

FIGURE 16. SECTOR SCAN WTH THREE-FREQUENCY RADAR
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One methodto redue the effect of noneqal beamwidths is to avage the hgher-frequeng
beams as shownin figure 17 (the Ka-band footprint is diminated for darity). Within the san
volume (spanningP,; in aimuth and @ in devation), dda is averaged into clls, outlined in
black in figure 17, gpresentings0 percent beam oerlapin azmuth andelevationfor the lowest
frequerty beam. This provides adete averaging of thelow-frequermry beamto geneste stable
sanple staistics. The volumesampled by the lowest-frequency bean (blue) is replicated at the
higher frequencgy by averaying the hgh-frequerty beans (ed). Amplitude weights are appled
to the hidnerfrequerty beams to eplicate the amplitudevariation acossthe lowest-frequency
beam

FIGURE 17.BEAM AVERAGING TO ACHEVE COMMON SAMR.E VOLUME

Referrirg to figure 16, the total sample volume,@rssed in stadians, is equal tthe product
D With 50 percent beam oxlap, the total number afells in the scan volumean e
approxmated ly taking the itio of the total cross-stional aea d the scanvolumedivided by
the cel cross-ectonalarea

e

(0]
az " el (20)

EQE

cells

wheref is the 3-@ one-way beamwidth of the X-bad antena (note that theell crosssection

3B,

is approxmated ly a squee of width—=* 5 in equation 20.



The number of pulsesveiaged within the ell, Naye iS given by the total number of pulses the
entire scanvolume divided by the number ofcells. The total number fopulses in the scan
volume,Npyse, iS gven by

Npulse = prs (2 1)

wheref, is the radar pulserepetition frequency and Ts is thetime required to scan the entire
volume. Thus, Nis gven by

N 9f T.B?
Nave - pulse - p sﬁx (22)
N 40 D,

cells

Noting tha the maximum dlowable pulserepetition frequency is equa to C/2Rnax WhereRya is
the maximum range, themaximum vdue for NayeiS given by

2
ave = _CTLh. (23)
8Rmaxq)azq)el
which shows that the number al/aages isgoverned ty the leamwidth of the widest or losst
frequerty beam. Ngeis plotted in figuire 18 for thre s@n peiods of 3.3, 10, and 38scondsto
sweepthe entie scan volume.Equation 23 is used in section 2.5 whestimatingsignal-to-
noise ratio.

10000- T T T T T |:
- _ :
@
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19040 | T oo
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FIGURE 18. NUMBER OF AVERAGES VERSUS MAXMUM RANGE WITH
UPDATE RATE AS A PARAMETER
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2.5 SIGNAL-TO-NOISE ANALYSIS.

The sensitivity of a meteorological radar is epressal in tams of the minimum detectable
volume backscaering codfi cient, nmin:

2p2
1024In(2)1°R?P. ., (24)

- -2L,
P10 KOGZ/\Z,BZCT,/NM

min

whereR is the range in meters to theente of the volume cell urgl obsevation, P, is the
minimum deectable signd level in Watts, P is the peak powe of the transmitte in Watts, L, is
the atmospheric loss in dB due tdiquid waterandwate vapor,G is the gain of theantenng A
is thefree-spa&e wavelength in meers, 8 is the bamwidth of the anteranin radians,andct/2 is
thelength in mders of therange cdl in the direction of propagation.

nis rdated to rdlectivity through

5
18 7T

n=10 F|K|zz. (25)

whereK is proportional to the complerdexof refraction,n

n?-1
K=" (26)

Substituton of Z for n is only valid when tle scatteers &ll within the Ra/leigh region, thatis,
when the maximum drop diameter is less than approately one enth of a vavelergth, a
criteriawhich is valid below 100 GHZor most nonpreipitating clouds. Conveting equetion 24
to 10 lodZ) = dBZ yields

dBZ,, =1936+ 20logR - 20log|K|+ 20log A + P, ... (dBm)

- P (dBm)+ 2L, - 5log(N,,.)- 2G(dB)- 20log B - 10log(cT) 27)

For the present problem, it is uséul to rdate reflectivity to particle diameter for a particular
liquid water content. Assuming a monodispergeonstant pdicle siz) particle siz distribution,
reflectivity is gven by

_ 6x102m,d?
m

Z (28)

whered is the particle diameér. Equation 28 is plotted in fige 19 and is used igenesgting
figure 21.
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FIGURE 19. CLOUD REFLECTIVITY IN dBZ AS A FUNCTION OF LIQUID WATER
CONTENT WTH PARTICLE SIZE AS A PARAMETER

The amospheic loss tem, L,, in equdion 27 is gud to the sum of atinction dueto smadl
dropletsandloss dueto water vaporand oxgen absmption. Absorption ly water vapor was
computed usindormulas found in Ulap etal. 1981. Loss values computddr the satugation
vapor pressie at 800 mb (xm altitude in standard atmosphBeare tabuhted in table 2.

TABLE 2. ABSORPTON DUE TO WATER VAPOR FOR SATURATON
CONDITIONS AT 800 mb

Frequency
Tenperatre 10 GHz 35 GHz 95 GHz
0°C 0.0051 dBkm | 0.0465 dBkm 0.297 dBkm
-15°C 0.0018 0.0169 0.109

Extinction due toilquid waterk,, is gven by Ulaby d al. 1981,

_.082m, Im(- K)
K, = 5 B, (29)

wherelm(-K) is the imajinary part d -K. The factor Im(-K)/A is proportional tdf »® wheref is
the freqeng throwghout the micravaveregion; theréore, loss da to liquid wateiscakslinearly
with m, and scales rahly as the sgare o the fequemy. Figure 20 plotsk, as a function of
frequerey for various wagr contents.
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FIGURE 20. ATMOSPHERC EXTINCTION DUE TO SCATTERNG AND
ABSORPTION BY LIQUID WATER AT 0°C

2.5.1 Minimum Detectable Particle Siz

Equaions 27 ad 28 wee combinea to solvefor the minimum déectable paticle diameter as a
function of ramge for the puled, high-powe radar parametes shown in table 3Thes resultsare
displayed for 10, 35, and 95 GHz in figure 21 (assumptions: monodisperse pacle siz
distribution, Raleigh scatterirg, and unifem cloud lger). Cloud liquid water contentwas
varied betveen 0.01 and 1§, which strowly affects thedepthof penetrationfor the 35- ard
95-GHzradas. The dominane of the atmospheric loss term in equation Ziges theange
performarce to dgrace for higher liquid water corgnts, even thayh Z increases linearly with
m,. The curves for the highest liquid wateontent should be viesd as west case, €., the
assume the avage liquid wagr content is 1.5,

TABLE 3. PARAMETERS FOR A HGH-POWERED, TUBE-PULSED RADAR USEDIN
ESTIMAT ING RANGE PERFORMANCE (F MULTIFREQUENCY RADAR

Radar Frequecies
Paameer 10 GHz 35 GHz 95 GHz
P;, dBm 70 62 62
G,dB 26 37 a7
Prmin, dBmM -124 -123 -122
B, radians 0.122 0.034 0.013
A, m 0.03 0.0086 0.00316
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2.5.2 Statistical Anaysis of Rame Peformarce

Rang performane can also be simulatedybassumig varying cloud water ontent,following
the statistics presented Wgooperet al. 1982. They report that 1 km aveged data eseeded
0.1 g5 percent bthe time and eceeed 0.5gh ™ only 1 pecent of thetime. Over a 10-km
path,m, exceeded.5 g2 only 0.5 pecent of tfe time. These statistics carelised togenerate
more repesendtive plbts of range performanceat all threefrequences.

To simplify geneation of liquid water statistics, cloudils of 3 km length were generatedwhere

95 percent bthe clouds wee unifamly distributed betwen 0.0and 0.1g>, 4.3 percent of

cloudshad liquid water conénts between 0.and 0.5gm™, and 0.7 perent had liquid wate
content egeediry 0.5 g™, Using 3-km cls balanes Cooper eal.’s statistical requeaments
for 1 and 10 km aeraging lemgths. The cumulativedistributionfunction (CDF) for this example

is shownin figure22. In addition to vaying the liquid wateicontent, the temperatiwas varied
randomy, as shown in figure 23.
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Typica range profiles of émperatue and liquid watecontent a&e shownin figure 24 for the radar
parametes of table3. Simulations of minimum detectableflextivity are displaed for 10, 35and
95 GHzin figure 25and include theeffect of water vapor absoption at zro degreescentigrade,
assumingl00 pecent elative humidiy. One hundred dierentrange profiles of randomy varying
clouds were simulated in gemating figure 25. The spead inthe data represats the statistical
distribution of the total attenuation between tadarand the ange correspondingo the data point.
This figure, alorg with figure 19,can ke used to estimate the paltlity of detecting a particle of a
given siz versugarge.
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0 20 40 60 80 100 0 20 40 60 80 100
range in km

range in km

FIGURE 24. TYPICAL RANGE PROFIIES G- LIQUID WATER AND TEMPERATURE

2.5.3 Sensitiviy of Solid-State Radar

A similar statistical analsis was carried out for three solid-stateloud radrs, as shown in
figure 26, usirg the AM-CW radar paametes given in table4. The beamwidthassumeseparate
0.2-m-diameter antenna3hesedata shw between 15 and 2Bdess sensitivit for the solid-state
systerms as conpared b the puked gstems. This means hat the minimum deeciable paricle size
for thesolid-stde rada is baween three and four times larger than for thetubepowered systems.

TABLE 4. PARAMETERS USEDN ESTIMATING RANGE PERFORMANCE ®&
SOLID-STATE FM-CW MULTIFREQUENCY RADAR

Radar Frequecies
Paameter 10 GHz 35 GHz 95 GHz
P;, dBm 40 33 27
G,dB 24 35 44
Prmin, dBm -136 -135 -134
B, radians 0.118 0.05 0.02
A, m 0.03 0.0086 0.0032
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3. LIDAR.

Publishedstudieshave shown that a multiple-field-ofewi lidar operatig at 10.6um can exract
liquid water content and article siz distribution at short rages Hutt et al., 1994] Optical
attenudion dueto scattering from smal dropléds is theprimary factor limiting the utility of lidar
for long-range paticle sizing The optica limit extinction coefficient is plotted as a function of
dropdiameter in figure 27 with liquid waer conentas a peameter. The dsshed ine hdicakesa
lossof 1 dB/km,which cannotbe exceeadif a peretration depth of 30 km isequired. The lidar
will only be effective for icing potential detection for particles falling within the shaled area
shown in this figre (i.e., the egion of low attenuation with liquid waterontentabove0.05
gm®). This shows thiathe lidar will only be effective in superooled liquid with particles larger
than 500 micrometerspritharily drizzle or rain.

Onescnario tha might benefit from lidar is drizzleor mixed phaeice and drizzlebdow cloud

base. Figure 28 plots liquid water contemis a function ofain rate assuming Marshall-Palmer
drop-si2 distribution for drizle and rain (the curve®or drizzle and rainare es®ntially

identical). Taken together, figures 28 ad 27 indi@te tha for drizzle rates of 1 mm/hror lessthe

liquid water content is small englu to allow opticalpropayationwith low attenuation. Neural

network simulaions of a lidar with threefrequency radar confirmed an improvement in sizing
drizzle sized particlesasseenin figure 29. However, no siimg improvement was foundor the
bulk of the supercooled iayregion.

12

extinction coefficient in dB per km

10 100 1000
Drop diameter in micrometers

FIGURE 27. OPTICAL EXTINCTION COHE-FICIENT FORLIQUID WATER
CONTENTS BEETWEEN 0.001 AND 1 GRAM/CUBIC METER
(Assumptions: optical limit (particle much larger thare eva\elength); monodisperse

drop-siz distribution. Shadinghighlights region that ma bergfit from lidar.)
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Anothe potential advantageof lidar is its #®ility to deect ice. The polarization lidar technique
has been used rloud resarch sirte the 1970sJassen, 1991] Polariztion lidar usesa singe
transmit polaization and adud-polarized re@iver to masure linear depolaization ratio, termed
0 in thelidar literature Sinae ice depolaization is usully quitestrorg, d is nornmelly expressed
in linear, as opposed todarithmic, units. Sassen prests a usefufigure, displaying a linear
depolariation ratio for vaious ice habits and ater doplets, derivedrom laboratory andfield
studies. In the dbsenceof multiple scattering, thereis aclear separation beween sattering from
water dropét clouds § less than 0.15andvarious frozen hydromeeors(d in the rarge of 0.4 to
0.7.)

Depolarization due to multiple scattegim water clouds canddarge with ¢ values n excess of
0.5 reported dr peretration depths of less than 200 mwet [Pal and Carswell, 1973}

Depolariation is much less a problem in dtig, sincedropletconentrationis greatly reduced.
According to Sasen, drizzle causes very little depolaization sine@ the partides ae “smadl

enoud to sty spherical and the conentrations g usually smallenowgh to significantly negate
multiple scatter” $assen, 1998] Multiple scatter can also lgreatly reduced ¥ using a narow
field-of-view lidar. According to Sassen, ‘®ry narow lidar beamwidths an seriousy restrct

the viewing of multiple scatter and cause only smal depolarization inaeases [high spectal

resolution lidas, for exkample, hadly seemore than a few percent linear depolarization ratio

(LDR) incresses in ders wate clouds” [Sassen, 1998] These &cts sggest that didar can
detect the msene of ice over mag kilometes and could &an aid to detctingmixturesof ice
anddrizzle. However, he mnor adwantage gained ty being able to detct precipitating ice a

mixturesof ice and dizzle does not provide stromgotivation for includig a lidar in a pactical

in-flight system.
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4. TEMPERATURE PROHIING.

Ideally, an arborne icing avoidance system will include an instrumet capable of remote
temperatire measuenment. Even houwgh horzontal temperatire gradients ae usudly small over
short distances, a&Ww degees incease in tempeaature can providean esapewindow out of
dangerous icig conditions. Two methods fo tempeature prdiling were consideed: oxygen
band radiometrand RASS.These a& desdbed sepeately in the followirg sections.

4.1 OXYGEN BAND RADIOMETRY.

Dr. Goodberét of Quadant Emgineerirg Inc. pepared areport onradiometric pofiling of
temperatue, which is attacled asappendix A to this report. The findings of appendixA are
summaized bdow:

a. Horizontd tempeature profiling using a 50- to 60-GHz rdiomder will work with
accuecy similar to verticé profiling radiometes (2-3 K, rms) whenrange resolutionis
scakd linealy (1:1) with rarge. For exanple, ata range of 20 km the repored
tempeaature will represent an average of the atmospheic temperdure beween 10 and
20 kmwith an accuacy of 2-3 K.

b. Some auxliary method must be used tocorrect for liquid wa&r and water vapor
fluctuaions. For example, the estimate of liquid waer content made by the neurd
network agorithm could be used toorrect the adiometer @ta.

This stug has demonstrat that a adiometer en profile temperatue over a horizontal path.
Howeve, implementation problems suggest that the technimgag not be prectical. Thes
problems include:

. Correctirg for liquid water at anges bgond tre detection capabilitof the radar.
. Accountirg for loss due to ater and ice on theadome (se setion 5 and apgdix B).

Correctirg for contaminationfrom ground emissions is another sificant problem, althagh
this can be redied to maageable évels by usinga narow beam.

A temperatug profiling radiomeér could beadded to the npposed adar design described in
section 6 for about 10 pmnt of the total cost of therototype system. Howewer, the
instrument’s coaserange resolution ad suseptibility to errorsargue against theadded expense
of aradiomdric channel for horizontd tempeaature prafiling.

The resuss of the aralysis presergd in appendx A suggestthata low-costradiometer could be
developed foupward and downard lookirg tempeature prdiling. Placingseweral radiometer
channeldetween55 and 60GHz can allow denward lookirg profiling without serious gpund
contamination, which is more of agblem at lowerfrequenags (below 55 @lz). Suchan
instrument may provide valuable information if a pilot needs to ecagpe an icing condition and
can detet warmair aboveor below theaircraft.
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4.2 TEMPERATURE PROHIING USNG RASS

RASS operates usinlpe ginciple of Bragg interaction betveenan acoustic avefront andan
electromgnetic sigral, as shown in §ure 30 [Frankel and Peterson, 1976]Bragg resonane
occurs wien A = 2\, where A¢ is the dectromaneic wavelength and A, is the acoustic
wavelergth. The satterirg efficieng of an acoustiavaveront of n wavelengths ncreags as’
dueto the coheent sunmation of he backeatered ekctric field from eah wawe crest The
speed of sound/s, is rdated to theabsolutetempeature, T, by thefollowing formula, assummg
still air:

V, = 20.05\T (30)

scattered RF is retrofocused to antenna

when acoustic and RF sources are colocated

F—\_\

/ﬁ\ Bragg Interaction
between RF and
acoustic pressure

o E

acoustic
source

vRF

source

FIGURE 30. RADAR ACOUSTIC SOWNDING SYSTEM CONCEPT

The airbore RASS concept is shown ingfire 31. Acoustic poweremitted by the engines
(equivalentto a 0.1 to 1 kW isotropic source in the favard direction) creates amacoustic
wavefont travelig at the sped of soundc. The aircraft traveling at v lags behind this
wavefont at a distare(c-v)t;. The aoustic waefront and A wawefront interact colerently
over a small sectionof the spheri@ waveront, whee the plase diference baveen the RFand

acousticwavefronts is less tha 4.
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FIGURE 31. AIRBORNE RASS CONCEPT

The effecive beanwidth over whch the pha® emor is small can becomputed ushg the
following formula, whereghegeometry is shown in figire 32.

£ = 2k [(c- v}, (sed -1)-ct,(sed - 1)sedp - 6)] (31)

where ¢ is the RF phase diference Iletween acousticand RF wavefronts, k. is the

electromgnetic wavenumber, and) and¢ arerelated by

0 =sin”

4 A=V

t=0

E—sm(og (32)

(t -'\")t 1 i

RF wavefrunt

Acoustic wavefront ‘
|

FIGURE 32. AIRBORNE RASS GEOMETRY

Phase errpas afunction of @ is plotted in figire 33 fa the conditionggiven in table 5. This
shows thaatwo degee sedor of theacousticwavefront will mantain phase coheracewith the

RF wavdront, assumig ideal aoustic propgation.

disturbed g horizontal winds and turbulence.
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TABLE 5. CONDITIONSFOR EVALUATING EQUATION 31

Paameer Value
Speed of sound; 340 m/s
Aircraft velocity, v 100 m/s
range to aoustic waefront (¢v) ty 10 km
[#] 41 s

Using Marshall’'s equation fosignal-to-noise aion (SNR) for a RASSHrankel andPeterson,
1976] allows the effectiverange d a RASS to be computed fored conditions. Figure 34

displays SNR versusange fa the conditions listed in table @coustic attenation of 0.9dB/km

at 100 Hzwas found in anréicle by Marstdl et al., 1972. The aoustic powe of 300 Wwas
estimatedfrom ground measurements o& two-blaéd propeller overground Hubbard and
Lassite, 1951]for atip speed oer Mach 1.2. Three hundred Wearrespondd to acoustic poer

with a drive powe of 362 hp. Figure 34 shows that RASS should work togesid 10 km for
the paramexsgiven in table 6.

Thereare two othe factors known to dgrade tle peformane of RASS that could limit the
range peformance lelow that predited by figure 34. Theseare tre efectsof advection of the
acoustic waefront by horizontal winds and thefiects of turbulene indegrading the coherence
of the acousticwavefront. For ground-lasedRASS,these factors limit the hdig coverage to a
few kilometers. We expect that vaations in crosswinds ovea 20- to 30-km path could
significantly shift thefoca point of theamustic wavefront, further redudng the badkscdtered
signd strength. This effect, combined with loss of oheracedueto turbulence, will likely limit
the maximum rang © distances éss han 10 km even fo slow-moving aircraft, such as
helicopters.
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FIGURE 34. RASS SNR VERSUS RANGE

TABLE 6. CONDITIONSUSEDIN PREDICTING SNR FOR AIRBORNE RASS

Paameter Vaue
RF peak powver 1 kW
Acoustic power 300 W
RF antennagain 16 dB
Range resolution 1 km
Integrdion time 2s
Acousticattenuaion 09 dBkm

4.3 SUMMARY OF TEMPERATURE PROHRING RESEARCH

In summay, ndther of the horizonta tempeature profiling techniques investigated wee
considered mmising enowgh to warrant protoyping or further inwestigation. The radiomete
techniqueis capable of long-range profiling but results in vey coarsespdial resolution and is
subjectto errorsthat aredifficult to accounfor in practice. The RASS technique is capatif
fine spatial resolution but has poor sensitiigyond a &w kilometers ange. Finally, it is noted
tha the multifrequency rada neurd nework was initidly trained to extract tempeature profiles
alongwith liquid water content, MVD,and MZD. Although the newal networkwas ableto
profile tempeaturein the abence of meastement erors, thee erors be&eame hgh as sooras
noise was added to thada data.

5. MULTIFREQUENCY RADOME AND LOSSES DUE TO ICE AND WATER.

Any radar or radiomder usel for an icing potential detection system will require a ralome as
pictured in fgure 35. A multiple frequery radomecan readily be designed from a solid
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dielectric by spedying radomethickness & a multiple of a half-wavelength at al frequendes.
This is redily achieved by sdecting operading frequendes thd are integer multiples of the
lowestfrequency. For example, 10.5, 31.5, and 94.5 GHzm a set of thee fequermies that ag
all matched to a Retite radome 0.227 inch thickBroader bandvidths can be achiewed by
using a multilayer radome gpproah, which will allow any frequency combindion to beuseal.
However, for thepresent andysis, thesimplest sinde-layer design was employed.

Radomesare subjectto ice andwater buildup, both of wikth will have a gnificant effect on
power transmission and the aseired-adiometric bightness temperater. Losscan becomputed
usinga simple planavave analsis, assuminghe rectilineargeomety shown infigure 35. In
figure 36 the transmission of aryd radomeand ice/vater coatedradome isplotted versus
frequerty. Note thatthe dy radone has noransnisson loss atthe three asign frequenciesof
10.5, 31.5, and 94.5 GHAdding only 1 cm of ice and0.3 mm of wate significantly degrades
insertion loss. The additional two-wsa loss at 94.5 GHz for thisaseis over 7 dB. Similar
calculations wee carried aut in figures 37-40 fo the esponse at 10.531.5,and 94.5 GHz for
three diferentcases: ice @atedradome ersus ice thickass (fgure 37); samecasewith 0.3 mm
coatingof wate (figure 38),and loss versus watthickness with andithoutice (figures39 and
40).

ice

antenna - environment

incident
plane wave

FIGURE 35. RADOME SHOWNG ICE AND WATER BUILDUP
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Nose radomesovering X-band weathe radars do not ned to bedeiced since absolute
calibrationis not critical and two-ay loss due to ice buildup is ne@vmore ttan 3 dB For the
current applicationradomedeicing will assurethat the loss at gher frequences is as low as
possible acritical issuewhen sensitivity is & a pranium.

Lossdueto water is difficult to quantiy without a knowédge of water thickress as #unction of
deposiion rag, air speed, and adome shap. It is unlikely that water would exceed afew
hundred micrometers in thickness for napitatirg conditions. It is possible to monitor water
build-up usingcapacitive probes embedded in theradome This would allow the system to
compensde for the frequency dependent waer loss-information that could be useq kbhe neural
network inversion gorithm or ky aradiometricchanrel.

Dr. Goodbenrtt has preared a shorteport (apgendix B) on the eflects of radomevater andice
on thetempeaature profiling radiomeer.

6. PROPOSED PROTOTYPE SYSTEM DESGN.

The prototype system will be usel as a research tool to eauae the ability to dded icing
potential under a wide rarge of conditions. As such, it should be degied with as much
sensitiviy as possible and should include at least alesipglarimetric channel. Quadrant
recommends tha& a prototype multipaameter radar system for reseach applications includethe
following components:

. Threefrequencg rada sharng aconmon anéenna

. Limited s@n capability to dlow sampling of common volumett dl threefrequenaes
. Tubepowera transmittes & al three frequendes

. Dual polarizd X-bandchanrel configured to meas@Zg,
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A Dblock diggram of tre proposed mtotype gstem is shown in fure 41. Most of the
componentswill be mounted sepaately from the scannig unit, althoutp the 95GHz
components must be mounted to the antenna to minimize widedgss. The detailsof exactly
how thesanning mechanism will beimplemented will be worked out during thedesign phase
For exanple, it may be possble to scan he sulbeflector or ug a pai of dielectric wedyes for
scanning
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FIGURE 41. SYSTEM BLOCK DIAGRAM OF THE PROPOSED
MULTIFREQUENCY RADAR

Specificationdor the radar a provided in table 7The transmitters awsist of a modulator and
transmit tube probdly a magieron & 10 GHz,and an extendeal interaction klystron osadllator
(EIKO) at 35 and 95 GHzBYy usingan oscillator-basd g/stem, as opposed tofaly coheent
system using powe amplifiers, sgnificant sasings can be achieved on thecost of millimeer
wavesources,waveguides,switches, etc. Since no Dop@r mesurements arproposd, savigs
canalsobe realiedin the costof the cita aquisition ystem. Instead b coheent detetion, the
proposed degh uses simple logletectorsand noncohlrent intgration circuity. This will
greatly simplify receiver desgn and @ta acquisition requirements.

A block diagam of the receiver is shown in fige 42. Each individual receivewill include a

low-noiseamplifier (LNA), filter, mixer combindion with a steble locd osdllator (STALO) to

down-convet the signal to a fev hundred MHz An automaticfrequencgy control (AFC) loop

(not shown)will control the frequency of the STALO to keg the scadtered signd within the

passbanaf the receiver. The outputof the logdetectorwill be sampled § a 192 kilosample/
second multichannel gitizer (HP-E1433A orequivalent). Thes datacanbe processedn real

time by an on-bard DSP processor (HP-E148% equivalent to displayrange pofiles of

reflectivity in flight. The VXI-to-SCS interface will allow storag of dl raw daa, which is

essantia for testing the inversion dgorithm. Ancillary daa generated by the INS, temperdure

probes, and antennaposition ontroller will be dso be meged with theraw data stream.

49



TABLE 7. SPECIFICATIONS FOR THE FROPOSED MULTIPARAMETER RADAR

Radar Frequecies
Paameter 10 GHz 35 GHz 95 GHz

Transmitter Magnetron EIKO EIKO
P;, dBm 70 62 62
Pulserepdition frequency, Hz 1.0-5.0 1.0-5.0 1.0-5.0, variable
Recever nosefigure, B 2.0 3.0 4.0
Recever bandwidth, kHz 75 75 75
Pulselength, us 13.2 13.2 13.2
Antenna diamete m 0.3 0.3 0.3
Antenna bamwidth, dgrees 7.0 2.0 0.75
Range resolutionkm 2.0 2.0 2.0
Number of enge gate (max 50 50 50

VXto-SCSl interface

log detecior

Digital signal pr {HP)

log detecior

3 channel digitizer (HP)

systen control card

host computer (Pentium)

VXFMainframe

log detecior

Mixer

EPF

<,

STALO

X-band receiver

Mixer

EPF

STALO

A

Ka-band receiver

Mixer

BPF

STALO

W-band receiver

FIGURE 42. RECHVERBLOCK DIAGRAM
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7. CONCLUSIONS.

This report summares the results of our invegttion of emote sensig technolgiesapplicable
to theproblan of remoteicing potential detection fromaircraft. This investigaion examined al

of the majortechnolajies being consideed for icing detection: multifrequeny radar, lidar, and
radiomety, as well as novel conepts such as trerborre RASSsystem. Multifrequercy radar

provedto be the most promisinmethod fo detecting cloud paameters, includig liquid water
content, MVD, and MD. The difficult problem ofinverting cloud paametes from range
profiles of rélected powemvas solved usimaneural netwak.

A significant softwae development effd was unddgaken to simulate randonrggiles of cloud
and precipitation conditions for taining and testingthe reural network. This eyercise
demonstratedhat a two-or three-frequery radar could remotel detect cloud paameterswith
kilometer-scale rage resolution,evenin the presere of sgnificant measwment eror. The
range performance @ radas at 10, 35and 95 GHawvas also simulated ugrpublished statistics
on stratus clouds to show that the proposedcagah is viablevith existing radar echnolay.

Instrumats capabé of probirg air tempeiature vere also investigted, as thg may provide a
means of detging regions of warmer air, free d supecooled drops. The technolgies studied
for tempeature prafiling included multifrequency radar, radiomery, and aradar-acoustic sensor.
None of theseechnolg@ies was demed pomising enowgh to warrant further development
within the current pragram.

On March 10, 1998, drant Engneerirg Inc. preented its finding to areview panel that
convened athe US Army Cold Rejions Resarch and Egineering Laboratory in Hanower, New

Hampshire Qualrant’s reommaendation to thepand was to continuedevelopment of the three-

frequency radar system and to continue development and testing of multifrequency neurd

network softwae. Efforts ae curently undeway to obtain eisting in-flight droplet
distributions that can be used to test neural nétwgoftwae as wellasto train a new neual

network tailored to e@ual drop-sie distributions. It must be emphasd that combinedada

and in situ measurements of cloatsessential to test the ideas deyed in this report.
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9. GLOSSARY.

Drop-Siz Distribution measured or madd distribution of drop diametefsr clouds or
rain. Units are numbeof drops jgr mete percubic mete or m™.

FM-CW (Frequeny Modulaied Continuous \&ve) Radal A rada techniquethat replaes a
pulsedtransmitter with a continuous wavwamnsmitter. Frequey modulation is used in place of
pulse modulation to allow measurementsanfje andvelocity.

Lidar CAconym for light detection andanging; a lase rachr.

Liquid Water Contenf_The weter content, in grams paubic mete, of theliquid portionof the
cloud or preipitation.

Mean Voume Diameter (MVD) [Patticle dametercorrespondingto the mea of thevolume
distribution. Volume distributionis computed from thgiven drop-siz (diamete) distribution.
Note that median volume diametse a morecommony used icig term.

Median Volume Diameter (MeVD) [Patticke diametercorrespondig to the mediarof volume
distribution.

MeanZ Diameter (MZD) [Parlicle diameer carespondig to mearcloud rdlectivity.

Mie Satering sattering refers to the complee solution for éectromagndic scdtering
from dielectric spharesas computedypG. Mie in 1908. This relatively complicatedormulation
is required when the paticle size is within an orde of magitude of the eledromagqetic
wavelength. Approximate formulas are often use in theoptica limit (d >> A) and Rgleigh

limit (d << A) to simplify cdculations.

Multiparameter Radar [Radla system capable of measurirg a vaiety of paametes at one or
more fregencies. For a meteorolgical rachr, these prameters includecloud rdlectivity,

Doppler spectum of the scatteredsignal (a its moments), and fouadditional polarimetric
paameers induding linear depolarization ratio LDR, differentia reflectivity Zy, and the
magnitudeand phasefahe copolazed corelation coeficient, p,,, .

Neural Network A sbftware algorithm usedto determine output pametes based ol network
of interconnected summingpdes with nonlinear responsettee input. The neual netwak was
originally deweloped to imitate the function of int@nnected braineurons. The kasic building
block of neuial networksare nonlinear summingrodes tht arecoupled to other nas throgh
connecdtons wih variable weighting factors. Theseweighting factors, along with the transer
function of the summingnodes,are adjusted to minimize estimation errors bging a set of
known input and output vectors.

Polaimetric Radar [Radla capable & measurig the poarization transformation propies of
the scttering volume Polaimetric radars usuly include a polarizaion agile transmitte and
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dud-polarization recaver. Polaimetric informaion is usé to chaacterize the shage and
orientation of particlesvithin cloud or precipitation volume.

Radar Acoustic SoundingyStem(RASS) LA féchngue hatcombinesan acoust soucewith a
UHF radar toremotel/ detect temperatte by tracking the sped of sound.

Rayleigh Scatering [Siniplified scttering regme for paticles mud smdler than the
electromgnetic waweength. For larger particles, on tb orde of the radar wavelength, the
complde Mie solution must becomputal. Scattering from partides much larger than the
electromagetic wavelength @n be gpproximated usingopticd limit formulas.

Rdflectivity, Z LCEreljueng-independent paramete equal to the sixth moment of drop-s&
distribution. Reflectivity is propational to backscatred paver. The sixh moment arises from
the factthatthe radar crosssection of a small paricle (d << /\) is proportional to the sih power

of paricle diameter. Reflecivity is typically expressed on aetibel sale asdBZ, which equals
10 logo (2).
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APPENDIX A LATMOSPHERC TEMPERATURE PROFILNG BY RADIOMETERS

A.1 INTRODUCTION.

Meeksand Lilley [1963] and Westwater L965] did some of the earliest studies on radiometer
temperatue profiling. Decker et al. 1978] reported that ground-bes radiometrs opeating
near the oxgen absorption line gquermry of 60 GHz could profile atmospheridemperatue to
an dltitude of nearly 4 km with typical 1-2 K rerieva error. Atmospherictempeature profiling
from spacebme adiometers was denonstated wih the launchof the Nimbus-E(5)Microwawe
SpectrometerNEMS) in 1972. Waters et al. 1975] reported that NEMS tempaureretrieval
errorwas 2-4 K oer much 6 the upperatmosphere.NEMS temperatw retrieval aror in the
lower atmospherwas signifi@ntly higher. Hogg et al.[1980] useda combinationof seweral
groundbased ensors, includig a temperature rpfiling radiometer,to detect aircraft icing
conditionsnearStapleton mterrational Airport in Denwer, Colorado. This combined instrument
techniqueyielded @od results but, due to the combined siand weght of the senws, is
probaby limited to ground-kased operation.n this appendixve investigate the usd airborre
radiomeers for near-horizonth atmospheic temperature profiling.

A.2 BACKGROUND.

Key Conceps [ Thioughout this appendixrange is defined asa distancefrom the radiometer
measuredilongthe anenna boresite vecor.

Radiometersensitivity to changes in aamospheic paranders (eg., temperature, pressure water
vapor, and cloud liquid) is defd as the cange in radiometer masured hghtnesstempeature,
Tg K, caused ® a Lunit chame in the atmospheric pametr ove a 1-km lger of the
amosphee. In this ddinition of sensitivity, the 1-km atmospheic layer is positionel
perpendicular to therange vedor. Sensitivity is plottel as a fundion of the range from the
radiometer to th@atmospheric ger beirg perturbed. Others hae calledthes curvesweghting
functions

Measurerant Diversiy [Plals of sesitivity tha are constant with range indicae tha the
assocated meaurement has little vaue for temperdure profiling. In genera, radiomder
tempeature profiling of the amospheraequires many meaurements of dmospheic brightness
tempeaature, each with an assaiated sensitivity curve tha is uniquefrom dl others and has
variation with rage. Westwatkr et al. [1975] achievedthis diversity of neasurementusing a
two-frequeng (53.5 and54.5 GHz) radiometertilted to 30 diffeent offzenith andes. Angle
diversity can be use for vertical temperdure profiling if one assume (as Westwaer did) that
the atmosphere is hodamtally stratified. In order to use agle diversiy for horizontal
tempeaature profiling, one must assumetha the amosphereis vetically strdified. This
assumption is enerly incorrect, so fequeng diversity becomes the pmary method of
achieving the ne@ssay measurement diversity for harizontd amospheic tempeaature prdfiling.

Models and AssumptiorisNedr-horizontd tempeaature profiling performance of an airborne

radiometer opratirg in 50-60 GHzwas invesgated. A brightness émperature nmeasuement
error,AT, of about 0.1 K is probablthe kest that can bachiewed for this ystem.
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To pemit calculation of radiomeer sensitivity and amospheic brightness tenpaature, we have
implementedn softwarethe radiative tansfe integral Ulaby et al., 1986Jand the atmosphie
models shown in table A-1.

TABLE A-1. MODELS FOR ATMOSPHERIC ABSORPTION OF MICROWAVES

Parameter Refererte

Oxygen (Q) Liebe et al. [L1992]

Water Vapor CruzPol et al. 1994, Liebe et al. 1987]
Cloud Weter Westwater 1974]

We have assumed that témosphere is sphedlly stratified (found Eartheffects) and tht the
vertical profilesfor water vape, tempeature,and pressie ae those othe 1962U.S. Standard
AtmospherdUlaby et al., 1986] Throughout this stug we assume theatdiometer to beat an
altitude of 2 km above sea level.

Inversion Algorithm BackusGilbert agorithm [Backus and Gilbert, 197(Westwater and
Cohen, 1973]s used to estimate the near-horizontal profilataiospheri¢temperatue from the
brightnesgempeature measuementsof theradiometer. The BackusGilbert technige provides
convenienttools for studyng temperatue retrieval aror, range resolution, and the traoff
betweererrorand esolution.

A.3 ANALYSIS AND DISCUSSION.

Atmospheric DeptHEighire A-1 shows theltitude of an amospheic element located a various
ranges from a radiometr as vell as for various off-znith diometer tilt agles. Figure A-2
shows ypical sky brightness temgratues seen ¥ a radiometer pointed 70°-90° off zenith.
Close to 60 GHza near satation condition eists for the radiometermeasuements(i.e.,
brightness tenperdure is gproxmately equal to ambient ar temperdure). This obsevation
sugeests tha radiomder meaurements male a these frequendes have limited depth of
measurementindeed,figure A-3 shows that fofrequencies betwen 5560 GHz the radiomete
measuredbrightnesstemperatue is determined pmarily by emission from the 10 km of
amosphee immediately in front of the radiomeer. However, for frequencies lowe that 55
GHz, figure A-3 showsradiometer dpth of measwement to be @l over 30 km. Longer depth
of measurement is desirable for long-range temperdure profiling but das mae meaurements
susceptible to contamination from long-gansoures (eg., ground emission).

Tempeaature Sansitivity CEighre A-4 shavs that radiometer measuement made in the 50- to
60-GHz band havegood ensitivity to chames in atmospheric temperature.Tempemture
sensitivity is thechange in radiomeaer meaured brightnesstempeaature causal by a 1 K change
in ar temperatire overa 1-kmlayer of atmosphere (sealso sedbn A.2). These cuves ae for a
radiometer located 2 km abowvesslewe in a U.S. Standard Atmosplesindtilted 90° off zenith.
The family of temperdure sensitivity curves shown in fgure A-4 wereachieved usirg frequency
diversity (see setion A.2) but ae very similar to the family of sensitivity curves which
Westwater[1975]achievedhrough argle divesity. This obsevation indicates that prmance
(in terms of eror andrangeresolution) of the horizontal tempaure prdiling radiometer should

A-2



Spherically Layered Atmosphere
(U.S. Standard Atmosphere, alt=sea level)
30
g 20 1 -+ 70 deg
% - - 80 deg
5 10 - — 90 deg
0 1 | 1 | 1
0 200 400 600
Slant Range (km)

FIGURE A-1. ALTITUDE OF ATMOSPHERIC ELEMENT AT VARIOUS SLANT
RANGESFROM A RFOINT AT SEA LEVEL

Off-Zenith Sky Brightness Temperature
(U.S. Standard Atmosphere, alt=2 km)

AT N
/AR

20 40 60 80 100
Frequency (GHz)

300

200

100

Brightness Temperature (K)

o

FIGURE A-2. OFF-ZENITH SKY BRIGHTNESS TEMPERATURE SEENM
RADIOMETER AT 2-km A-TITUDE

A-3



Brightness Temperature Buildup
(U.S. Standard Atmosphere, H=2 km, Tilt=90 deg)

300
3
% <« 51 GHz
g 200 + 52 GHz
% 4 53 GHz
A 54 GHz
@ 100 @ 55 GHz
é < 56 GHz
o
£

o 1 1 1 1 1
0 10 20 30
Range (km)

FIGURE A-3. CONTRIBUTIONS OF VARIOUSATMOSPHERIC LAYERS TO
TOTAL SKY BRIGHTNESS TEMPERATURE

Temperature Sensitivity
(U.S. Standard Atmosphere, alt=2 km, tilt=90)

<

bed

3) + 51 GHz
E + 52 GHz
T & 53 GHz
X

x & 54 GHz
2 55 GHz
ZE o 56 GHz
@ i

[

()

)

0 2 4 6 8 10
Range (km)

FIGURE A-4. SENSTIVITY OF RADIOMETER MEASUREMENTSN THE
51- TO 56-GHZBAND TO ATMOSPHERIC TEMPERATURE



be similar to that of \Wstwater's [975] vertical tempeature profiling radiometer (see
figure A-11 and tle associad discussion in this appendlix

Sources of Hor [Fadors affecting amospheic tempeaature prdfiling error genedly fall into
one of the followimgy threegroups:

. Radiometer measuementerror (i.e.,AT).
. Variations in the attenuation profigdong the range vector.
. Variations in the baakound emission.

Radiomder measurement aror degpends on gstem design, bandwidth, and theaveragng time
associated with the dafTiuri, 1964] A brightnesstempeaturemeasuremenerror, AT, of 0.1
K isreadly achievable.

Atmospheric tempature prdiling peformance @pends gnificantly uponhow accuately the
attenuatiorprofile along the rame vectoris known. Atmospheic attenation in the 50- to 60-
GHz range at an dtitude of 2 km is prdominatly due to oxygen asaption but is #ected by
othe amospheic constituents & shown in tale A-2.

TABLE A-2. SOURCES OF ATMOSPHHER ATTENUATIONIN THE 50 TO

60-GHzBAND
Cause Attenuation (dBm)
Oxygen (Q) 1-10
Clouds 1-10
Rain 0.1-10
Water Vapor (sturation) 0.1

Note that cloudsandrain both attenuatemicrowavesin the 50 to 60-GHzband at aate similar
to that of ox/gen. Therefore, the ange distribution of clouds, rain, and liquid veaimust be
accountedor during the atmospéric tempeature retrievaprocess.

Background emission consists of cosmic gmdund emission. Cosmic emission is constaat
about 2.7 K in the 50- to 60-GHzand but ground emissionis variabk. For the horizontal
temperatue profiling radiometer, the portion,TA(gnd), of the total measured Bhtness

temperatue which is attributed tground emission canexalculated as

Ta(gnd) = T 05 (A-1)
where
1 mo2n
S = o DHL_([G(B - %,(o -m) [L(6,9) [$in(0) Ldy [dO

G(0,¢) is the radiometeantennapatten, L(68,¢) is dtenudion of theatmosphee between the
radiometerand theground alomgy the @th defined ly spherical coordinae anglesé and ¢, and
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Ts is the gound brightnessémperatue (assumed tde uniform). We define theterm S, asthe
ground sensitivityof the radiomeer and notetha it is the error in totd calculated brightness
temperatue cauged by a 1 K errar in the estimate of thground tempexture,Ts. Plots of
radiometerground ensitivity are shown in fgures A5 andA-6 wherea Gaussian-shapdakam

patternhasbeenusedto appoximate the sidelobes of the antanMhese plots show thgtound
sensitiviyy depends strongl upon radiomedr altitude and @amwidth.

Ground Sensitivity
(U.S. Standard Atmosphere, 2-deg beam, Tilt=90)
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FIGURE A-5. SENSTIVITY OF RADIOMETER WTH 2-DEGREEBEAMW IDTH,
OPERATING IN THE 51- TO 56GHz BAND TO GROWND
BRIGHTNESS TEMPERAURE
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FIGURE A-6. SENSTIVITY OF RADIOMETER WITH 5-DEGREEBEAMW IDTH,
OPERATING IN THE 51- TO 56GHz BAND TO GROWD
BRIGHTNESS TEMPERAURE



Profiling Peaformance CThik tempeature prdfiling performace andysis assums thd the
radiometeffield of view is free d clouds andain. Attenuation due toan or clouds will chage
the shae of theweighting functions usd in invating tempeaature and will result in significant
errors if left uncompensadl. If some oter method is used to estimate attetion due tdiquid
water (e.g., multifrequeng radar) thenthe inversion can beorrected to account faadditional
attenuation. Howewer, the pesene of heaw clouds orrain between theradiometerand the
sanple volumewill bias the weighting functions to short nages, m&ing it impossibleto seaise
temperatire atlong distances.

The Backus-Gilbeg (BG) technique Backus and Gilbert, 1970js used to calculatthe
atmosphert temperature pofile from radiometer biightness émperature measurenents. The BG
techniqueutilizes a paameter, a, which varies beween 0 and 1 and in many applicaions pemits
a tradeoff between range resolution and tenpeature retrieval error. In general, values of the BG
paameter, a, nea 1 will result in high-range resolution and high-retrieval error. Values of a
near O typicaly result in low-range resolution ad low-retrieval error. However, significant
tradeoff etween rargeresolutionandtempeature retrieval eror doesnot appea possiblefor the
temperatue profiling radiometer, and theeasorfor this is still under investegion.

Tempeaature profiling range resolution is déned as the hdf-height width of theBG aveaaging
kernel Averagng kernéds demonstrae how vdues from the entire tampeature prdfile are
weighted and agraged to produce thetrieved estimate of tempature at a particularrange.
For al values ¢ rarge, here is an assoeited aeragng kernel. The range assocated with a
paticular kernd is locted approxmately at its centroid. The centroid of the averagng kernd
does not alwgs coincide with the position of the kernel maxa.

The BG technique defines rdrieval error in terms ofa noise multiplication factor. For the
tempeaature profiling problam, retrieval error (K)is egual to this multipication factor times the
brightness émperature measuenenteror, AT, of theradiomete.

Figures A-7 and A-8 showtempeature prdfiling performance for the near 60-GHz raliomeer as
determined by the BG techniquewith a = 0.5. Brightness tempature neasuementsat 15
frequerties, spaedmoreor lessevenly acrosghe 50- to 60-GHzband,are the inputs to thBG
algorithm. Our compute simulaions show thausing vaues of a higher ttan 0.5 does not
significantly improverangeresolution but will significantly increaseretrieval error.

Temperatue profiling to a ange ofabout 4 km appears possible if radiometer mesgsents are
restrictedto the 55- to 60-GHz band(see figuresA-9 andA-10). These plots end at aboutkén
range becau® the BG technique canndbrm well defined aeraging kerrels much bgond this
point. The advantage of the 55- to 60-GHz gystam is its limited depth of mesurement and
resultingreducedsensitivity to groundcontamination. Temperatue profiling with this ype of
system @n probaby be dom in ary direction from the acraft, perhapseventowardsthe ground
if flig ht dtitude is high enough.

Findly, we note tha the horizontd tempeaature profiling performance curve (figure A-7) is

similar to Westwater’'s[1975] result, which is summarized in fige A-11. One finds that
tempeaature sensitivity of the near 60-GHz radiomder dos not dpend sgnificantly on off-
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zenith tit ande or onflight altitude; hene, the prformance & Westwatets [1975] ground-
basedvertical tempeature profiling system should be similar to that of the near-horizontal
tempeaature profiling system.

Temperature Profiling Range Resolution
(alpha=0.5, 50-60 GHz, alt=2 km, tilt=90)
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FIGURE A7. HORIZONTAL TEMPERATURE FROFILING RANGE RESOLUTION
FOR THE 50- TO 60-GHzRADIOMETER AT ALTITUDE, 2 km
(Badkus-Gilbert paameter, a = 0.5)

Temperature Profiling Retrieval Error
(alpha=0.5, 50-60 GHz, alt=2 km, tilt=90)
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FIGURE A-8. HORIZONTAL TEMPERATURE FRROFILING RETREVAL ERROR FOR
THE 50- TO 606Hz RADIOMETER AT ALTITUDE, 2 km, WTH AT =0.1K
(Backus-Gilbet parangter,a = 0.5)
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Temperature Profiling Range Resolution
(alpha=0.5, 55-60 GHz, alt=2 km, tilt=90)
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FIGURE A9. HORIZONTAL TEMPERATURE FRROHLING RANGE RESOLUTION FOR
THE 55- TO 606Hz RADIOMETER AT ALTITUDE, 2 km
(Backus-Gilbet parangter,a = 0.5)

Temperature Profiling Retrieval Error
(alpha=0.5, 55-60 GHz, alt=2 km, tilt=90)
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FIGURE A-10. HORIZONTAL TEMPERATURE PROFILNG RETREVAL ERROR OR
THE 55- TO 606Hz RADIOMETER AT ALTITUDE, 2 km, WTH AT =0.1K
(Backus-Gilbet parangter,a = 0.5)
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Temperature Profiling Range Resolution
(from Westwater [1975])
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FIGURE A.11. RANGE RESQ.UTION OFA GROUND-BASED VERTICAL
TEMPERATURE PROR.ING SYSTEM (Ater Westwate [1975)
(Assocated emperature retieval error is 1-2 K)

CONCLUSIONS.

Tempeature profiling using a 50- to 60-G1z radiomeer will work with an accuragy similar to
vertical profiling radiomders (2-3K, rms) wlren range resolutionis scled linealy (1:1) with
range. Designing the radiomete with a narow beanwidth (2 deyrees or éss) is critical to
reducirg contaminatiorby groundtemperatue fluctuations. This implies an antenna apare d
greaterthan 20 cm diameterln addition, some aullary method must be used to cent fa
liquid water and waer vapor fluctuaions. For example, the estimate of liquid water content
made ly the neual networkalgorithm could be used to oect the radiometedata.

Several implementation problemsgsggst that the témique m& not be pactical. These
problemsinclude correcting for liquid water at anges leyond the detection capabijitof the
radar andaccountirg for loss due to water and ce on theradome. Also, the oars ramge
resolution at longanges or example, 20-km resolution at 20-knange) may not affad the
resolution necessgafor auseful icirg avoidance sygtem.
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APPENDIX B LERDNT-BND LOSS EFFECTSON RADIOMETER FERFORMANCE

Ice forming on a radiomder antenna radome will causethe brightnesstempeature, T, seen by
the radometer receiver © bea conbinaion of he gpasent target brightnesstemperaure, Ta,
and other termsHardy et al., 1974ps shown in equation B-1.

Ta=Ta (14 )Q1) +1 T +r Tr (B-1)

In equatiorB-1, r is ice reflective loss, lis ice ohmicloss, T (K) isice plysical temperature and
Tr (K) is the bridhtness temperate of theradiomete receive noise propgating towards the
antenna.The valuesr andl vary between zro (no lossand one (no &amsmission).

The acuracy, AT4 (K), with which the radiometercan measureTg is dderminel soldy by

radiometer receiver paameters. For a Nul Feedlack Dicke-Switched receiver design, ATy is
given by equation B-2Tiuri, 1964]

AT4=2 Tsys/ (BT) % (B-2)

where Tys (K) is g/stem noise tenmgratue, B (Hz) is predeector bandvidth, andt (s) is dda

averagng time. Brightness tenperdure measurement accuracy, AT a (K), will be affeded by the
ice evenfir, I, and T_aretime invariant as shown in guaion B-3 and in figure B-1.

ATp =ATa/ ((1+)( 1)) (B-3)

Ice aboaffects boh the scad, a, and biasb, factors found in theadiomete calibration equation
used to convertadiometer output volige, V, to a \alue of Tp_

Ta=aV+b (B-4)

For the typical values T = 273 KandTgr = 300 K, the icig induced eror (biag in the calcudted

value of Ty isshown n figureB-2. In pracice, measurenent of anbientair temperature an be
usa to estimate T., Tr canbe measted durirg labaatory calibrationof the radiometer,and
should remain relativglconstantvith time.

The condusion is tha very little front-end loss @& be tolerded if radiomeer measurement

accuecy ontheorderof 0.1K is desired. Our cculations predit that this amount of loss can
be causel by as little a1-mm layer of water or iceon theantenna radome.
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Icing Induced Noise Amplification
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FIGUREB-1. TYPICAL INCREASEIN BRIGHTNESS TEMPERATURE MEASUREMENT
ERROR CAUED BY RADOME ICING (Each cune represents a diffeent
value of cereflecive loss)

Icing Induced Brightness Temperature Bias
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FIGUREB-2. TYPICAL BRIGHTNESS TEMPERATURE BIAS CAUSED BY
RADOME ICING (Each wirverepresents a dierent value of ¢e eflective loss,
e.g, R=10.001 (low loss) is shown as —3B)d
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